Introduction {#s1}
============

Microtubules are hollow cylinders formed by the polymerization of αβ-tubulin dimers. Throughout eukaryotes, they drive mitotic chromosome segregation, form cilia and flagella, and function in cell polarity ([@bib11]). They also provide tracks to properly position organelles and to transport diverse cargos through the cell ([@bib23]; [@bib48]). Polarity that results from the head-to-tail polymerization of tubulin dimers is a major prerequisite for microtubule function. Microtubules expose α-tubulin at one end, called the minus-end and β-tubulin at the opposed end, the plus-end ([@bib43]). The minus-end of most microtubules is stabilized by a ɣ-tubulin cap, which tethers microtubule minus-ends to microtubule organizing centers (MTOCs) such as centrosomes in animal cells and spindle pole bodies (SPBs) in fungi and many protists ([@bib51]). The microtubule plus-end grows away from the MTOC and explores the cellular space by dynamically alternating between periods of growth and shrinkage, a process called dynamic instability ([@bib44]). This search function allows microtubules to reach attachment sites, for example, kinetochores on chromosomes or various cortical sites ([@bib2]; [@bib30]).

Remarkably, although all microtubules of a cell are formed from the same pool of tubulin dimers, they can show distinct behaviors and functions. For example, in most cell types at least three kinds of microtubules contribute to the assembly of the mitotic spindle. According to their distinct roles, these microtubules show different lengths and dynamics ([@bib65]). For instance, concomitant to kinetochore microtubules shrinking and pulling chromosomes towards the spindle pole, the interpolar microtubules grow, push the spindle poles away from each other and drive spindle elongation. During that time, the astral microtubules that help move the spindle in the cell and position the future cleavage plane, may show different behavior depending on which of the two spindle poles they emanate from ([@bib53]; [@bib27]; [@bib35]).

To distinctively control the behavior and function of individual microtubules even within a single cellular environment, cells have evolved several mechanisms. A diverse set of microtubule-associated proteins (MAPs), plus-end tracking proteins (+TIPs), and microtubule-dependent motor proteins can differentially associate with microtubules and contribute to their distinctive behaviors and activities ([@bib2]). In many instances the behavior of a microtubule depends largely on its subcellular environment and the cellular structures that it contacts with its plus-end (capture model; [@bib30]). Furthermore, in many cell types post-translational modifications of tubulin along microtubules modulate both the microtubules' stability and their affinity for the above regulatory factors (tubulin code; [@bib16]). However, in other cells, such as mitotic cells, the behavior of microtubules seems to also depend on the MTOC they emanate from ([@bib27]; [@bib35]; [@bib68]; [@bib17]; and below). For example, in many asymmetrically dividing cells one of the two asters forms microtubules that are less dynamic than the other one. However, how MTOCs specify the plus-end behavior of the microtubules emanating from them remains unknown.

The differential control of microtubule dynamics and function observed in mitotic yeast cells offers an ideal model system for addressing this question. The yeast mitotic spindle assembles within the nucleus between two SPBs embedded in the nuclear envelope. The SPBs also nucleate cytoplasmic microtubules that facilitate the movement of the spindle to the mother-bud neck and its alignment with the mother-bud axis. Thereby they ensure that the mother cell and the bud faithfully inherit each one copy of the genome upon division. Remarkably, throughout yeast preanaphase the two asters of cytoplasmic microtubules are morphologically and functionally distinct ([@bib53]; [@bib35]). The SPB oriented towards the mother cell (m-SPB), which is the newly synthesized SPB (young SPB) in virtually all cells, nucleates few and short microtubules (m-microtubules). In contrast, the bud-oriented SPB (b-SPB), which is inherited from the previous mitosis (old SPB), forms long microtubules that extend into the bud (b-microtubules) ([@bib53]; [@bib35]). The b-microtubules, specifically, transport the minus-end directed motor protein dynein to their plus-ends and deliver it to the bud cortex ([@bib45]). Activated at anaphase onset, dynein at the bud cortex pulls on b-microtubules and facilitates the entry of the b-SPB and the associated daughter nucleus through the bud neck, into the bud ([@bib1]; [@bib56]). How yeast cells assign their different functions to m- and b-microtubules, although these microtubules are polymerized from the same pool of soluble tubulin dimers, is unclear. Moreover, there is no evidence that yeast modifies tubulin along microtubules ([@bib14]; [@bib60]), indicating that microtubule differentiation inside the cell depends exclusively on the differential recruitment of regulatory proteins. We know, however, little about which are the relevant regulators and how their recruitment is controlled.

Recent work has established that many kinesins, a particularly rich family of microtubule-dependent motor proteins, regulate microtubule dynamics ([@bib24]; [@bib3]) in addition to their function in cargo transport. Paradigmatic examples include the yeast kinesins Kip2 and Kip3. While Kip3 promotes microtubule catastrophe ([@bib61]; [@bib4]; [@bib62]; [@bib20]), that is the switch from plus-end growth to shrinkage, Kip2, which transports dynein to the plus-end of microtubules ([@bib45]), inhibits catastrophe and promotes microtubule elongation ([@bib22]; [@bib10]; [@bib25]; [@bib6]). Thus, these kinesins are excellent candidates for controlling the behavior of individual microtubules. In order to determine whether they contribute to specifying the distinct behavior of m- and b-microtubules in yeast, we characterized their localization in preanaphase cells and dissected the mechanisms controlling their distribution.

Results {#s2}
=======

Kip2 distribution relies on different mechanisms in vivo and in vitro {#s2-1}
---------------------------------------------------------------------

In order to characterize the distribution of Kip2 and Kip3 along cytoplasmic microtubules in yeast cells, three copies of the super-folder green fluorescent protein (3xsfGFP) were fused to the C-terminus of each endogenous motor protein. The SPBs were visualized by fusing mCherry to the SPB component Spc42. All fusion proteins were functional, as determined by spot growth assays with cells expressing these fusion genes in mutant backgrounds that do not support growth in the absence of either Kip2 or Kip3 function ([Figure 1---figure supplement 1a](#fig1s1){ref-type="fig"}). To quantify the distributions of motile kinesins, we used a spinning disk microscope to achieve high acquisition speed and recorded images at 17 Z-sections separated by 0.24 µm increments in 1.07 s and 1.78 s for the GFP and mCherry channels, respectively. We performed line scanning analysis of cytoplasmic microtubules, aligned and averaged the signal obtained for each reporter for large collections of images of preanaphase cells (n ≥ 279 per strain), and computed the distribution of each kinesin along cytoplasmic microtubules as a function of microtubule length.

In agreement with published in vitro data ([@bib61]; [@bib62]), Kip3-3xsfGFP intensity increased along cytoplasmic microtubules, the protein being barely detectable at their minus-ends and reaching maximal levels at the plus-ends ([Figure 1a](#fig1){ref-type="fig"}; note that the abundant GFP fluorescence around the SPB originated from Kip3-3xsfGFP on the nuclear spindle microtubules). Furthermore, Kip3 amounts at microtubule plus-ends increased linearly with microtubule length ([Figure 1a](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1b](#fig1s1){ref-type="fig"}). Since Kip3 triggers plus-end catastrophes in a manner that depends on the local concentration at the plus-end ([@bib61]; [@bib62]), our analysis indicates that Kip3 is a length-dependent microtubule depolymerase in vivo, consistent with the antenna model established in vitro ([@bib61]; [@bib62]; [@bib20]).

![Kinesins Kip3 and Kip2 exhibit distinct localization patterns along microtubules in vivo.\
(**a, b**) Representative images (left) and quantifications (right) of fluorescence intensities (a.u.) from endogenous Kip3-3xsfGFP (**a**) and Kip2-3xsfGFP (**b**) along preanaphase astral microtubules (aMTs; boxed areas). Signals were aligned to b-SPBs using the peak of Spc42-mCherry (magenta) intensity and binned by microtubule length (2-pixel = 266.7 nm bin size). Colored lines show mean Kip2/3-3xsfGFP fluorescence per bin and shaded areas represent 95% confidence intervals for the mean. Gray dashed lines denote weighted linear regressions for the mean GFP fluorescence on plus-ends over all bins. The area on the left of the vertical dashed line passing through x = 0 in (**a**) marks Kip3-3xsfGFP fluorescence inside nuclei. Scale bars, 2 µm. 10 ≤ n ≤ 130 per bin. See also [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}.](elife-48627-fig1){#fig1}

Strikingly, although in vitro the patterns of Kip2 and Kip3 distribution along microtubules are very similar ([@bib22]), the distribution of Kip2 followed a different pattern in vivo: the signal for Kip2-3xsfGFP failed to increase along microtubules. Instead, it remained flat and above-zero from the minus-end of the microtubule up to the vicinity of its plus-end, where it peaked locally ([Figure 1b](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1c](#fig1s1){ref-type="fig"}). This distinct distribution of Kip2-3xsfGFP in vivo was confirmed by further technical replicates of the line scan analysis ([Figure 1---figure supplement 1d](#fig1s1){ref-type="fig"}). Neither the level of the protein along the microtubule nor the height of its plus-end peak varied with microtubule length. The sharp discrepancy between the distributions of Kip2 in vivo and in vitro suggests that a mechanism distinct from the one suggested in vitro ([@bib22]) controls Kip2 distribution in living yeast cells.

Modelling suggests recruitment of Kip2 to the microtubule minus-end {#s2-2}
-------------------------------------------------------------------

In vitro, the distribution of Kip2 and Kip3 relies on their ability (1) to run towards the microtubule plus-end faster than the microtubule grows, (2) to run over long distances without falling off (processivity), and (3) to land and initiate their runs at any site on the microtubule lattice. Since long microtubules have more lattice sites than short ones, they collect more motor molecules ([@bib61]; [@bib22]). To understand how Kip2 reaches its unique distribution in vivo, we modeled the distribution profile of an idealized plus-end-directed motor on static microtubule filaments (see Appendix 1 for details) as a function of four motor parameters that determine on-rate (k~on~, rate constant of landing and starting a run at each location on the microtubule lattice), off-rate (k~off~, rate of falling off from the microtubule lattice), stepping speed (with rate k~step~), and rate of detachment from microtubule plus-ends (k~out~) ([Figure 2a](#fig2){ref-type="fig"}). This model easily explains the accumulation of Kip2 at microtubule plus-ends by a low plus-end detachment rate. Analytically solving this model predicts a flat distribution only in special cases, such as when the on-rate is zero (no motor on the microtubule lattice) or the motor speed is zero (inactive motors binding everywhere; see Appendix 1 for details). However, none of these cases was compatible with our experimental observations. For example, Kip2 moves processively and at least as fast as Kip3, both in vitro ([@bib61]; [@bib62]; [@bib22]; [@bib49]) and in vivo (see below and [Figure 1---figure supplement 1ab](#fig1s1){ref-type="fig"}).

![Mathematical model predicts recruitment of Kip2 to the microtubule minus-end.\
(**a**) Schematic of the mathematical model. Free Kip2 (with concentration $\left\lbrack \text{Kip2} \right\rbrack_{\text{free}} \leq \left\lbrack \text{Kip2} \right\rbrack_{\text{total}}$) binds to the microtubule minus-end anchored at the SPB with rate $r_{\text{in}} = k_{\text{in}}\left\lbrack \text{Kip2} \right\rbrack_{\text{free}}$ if the minus-end site is free, and to any free lattice site with rate $r_{\text{on}} = k_{\text{on}}\left\lbrack \text{Kip2} \right\rbrack_{\text{free}}$. A bound motor can detach with rate $k_{\text{off}}$, and it can advance with rate $k_{\text{step}}$ if the next site towards the plus-end is free. At the plus end, the motor detaches with a different rate, $k_{\text{out}}$. (**b**) Experimental Kip2-3xsfGFP fluorescence (a.u.) mean profile (black) and standard error (gray) with respective mean in silico model fits (red) for microtubules binned by length. Red dashed lines past plus-end and SPB indicate model extrapolations without support by data. (**c**) Likelihood of total Kip2 concentration $\left\lbrack \text{Kip2} \right\rbrack_{\text{total}}$ estimated from fit in (**b**). (**d**) Likelihood of on rate constant $k_{\text{on}}$ and in rate constant $k_{\text{in}}$ estimated from in silico model fit in (**b**). Statistical significance for $k_{\text{in}} > k_{\text{on}}$, \*\*\*\*, (p\<5∙10^−5^) determined by sampling from the likelihood (see Appendix 1), difference in median as indicated. (**e**) Likelihood of out rate $k_{\text{out}}$ constant estimated from in silico model fit in (**b**). For in silico model parameter estimate plots (cde), median parameter values are indicated as circles, inter-quartile range ($IQR$) by thick gray bars and $1.5 \times IQR$ by thin gray bars. Kernel density estimates are computed from 20'000 samples from the likelihood function. Sampled parameter ranges are indicated by dashed black lines. See also [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}, and [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}.](elife-48627-fig2){#fig2}

We reasoned that the flat profile of Kip2 on microtubule shafts resembled the average distribution of vehicles on a track between entry and exit sites at a constant speed and entry rate. Therefore, we included a minus-end entry site in our model by adding a minus-end loading rate parameter (rate constant k~in~, [Figure 2a](#fig2){ref-type="fig"}). Analytically solving for a flat distribution shows that the only biologically feasible solution for this model is obtained when all Kip2 is recruited to the microtubule at its minus-end, and Kip2 unbinding on the lattice (k~off~) is zero (see Appendix 1). Next, we numerically estimated the parameters for this model using the experimental concentration profiles of Kip2 on microtubules in vivo. Using these estimates, the model with static microtubules faithfully represented the flat motor distributions along microtubules of all length categories ([Figure 2b](#fig2){ref-type="fig"}), and we obtained the same qualitative predictions for a model with growing microtubules as a control (see Appendix 1 and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Importantly, the estimated Kip2 concentration and the on-rate constant were close to published values ([@bib22]; [@bib49]) ([Figure 2cd](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1a](#fig2s1){ref-type="fig"}, see Appendix 1 for details), lending support to the model. The estimated motor parameters predicted minus-end recruitment (in-rate) and plus-end detachment (out-rate) of the same magnitude, and low Kip2 recruitment on the lattice (low on-rate; [Figure 2de](#fig2){ref-type="fig"}). Importantly, the median in-rate constant was approximately 500 times higher than the median on-rate constant at each lattice site (p\<5∙10^−5^, see Appendix 1 for details). Therefore, both the analytical and the numerical modeling results point towards Kip2 initiating its runs on the microtubule predominantly from its minus-end, that is, at or near the SPB from which the microtubule emanates, as an explanation for the unique distribution of Kip2 along microtubules in vivo.

Kip2 runs start from SPBs {#s2-3}
-------------------------

To test this possibility, we next analyzed where Kip2 initiates its runs. First, we recorded the movement of Kip2-3xsfGFP along microtubules in vivo with high temporal resolution time-lapse series, using Spc72-GFP as an SPB marker. As previously reported ([@bib6]), Kip2-3xsfGFP appeared as moving speckles along cytoplasmic microtubules ([Video 1](#video1){ref-type="video"}). For quantitative analysis, we collected a sufficient number (n = 45) of the rare preanaphase cells in which the cytoplasmic microtubules stayed relatively still in the imaging plane throughout the imaging time (85.7 s, 80 frames); this allowed us to generate kymographs that cover the complete time window ([Figure 3a](#fig3){ref-type="fig"} and [Figure 2---figure supplement 2a](#fig2s2){ref-type="fig"}). Overall, these kymographs clearly established that the Kip2 signal was indeed evenly distributed along microtubules, compared to Kip3-3xsfGFP kymographs, where the kinesin signal became visible only progressively on the microtubules, towards the plus-end. Despite the strong noise associated with these kymographs, speckles were identifiably for both Kip2- and Kip3-3xsfGFP and accounted for most of the signal. Kip2 speckle movement speed in these kymographs established that, in vivo, Kip2 runs along microtubules at an average speed of 6.3 ± 2.1 µm min^−1^ (mean ± S.D., n = 192 speckles, [Figure 2---figure supplement 2b](#fig2s2){ref-type="fig"}), which is more than four times faster than the mean microtubule growth speed under the same conditions (1.4 ± 1.1 µm min^−1^, mean ± S.D., n = 250 growth phases, [Figure 1---figure supplement 1cd](#fig1s1){ref-type="fig"}). Furthermore, in all our experimental Kip2-3xsfGFP kymographs (n = 45), all unambiguous trains of motors (yellow arrowheads, [Figure 3a](#fig3){ref-type="fig"}; n = 192) moving along the imaged microtubules started from SPBs and ended at the microtubule plus-ends, as predicted by the model ([Figure 3a](#fig3){ref-type="fig"}, [Video 1](#video1){ref-type="video"}). Tracks that appeared to stop in the middle of the microtubule (red arrowhead, [Figure 3a](#fig3){ref-type="fig"}) resulted from microtubules moving out of the focus when looking back at the source movie. As another mean of visualizing the movement of single Kip2-3xsfGFP speckles, we performed line scans of microtubules from time-lapse series. As shown in [Figure 3b](#fig3){ref-type="fig"}, all the fluorescence speckles that we analyzed this way (n = 9) also departed from the SPB, traveled along the microtubule shaft and arrived at the plus-end. In contrast, under the same imaging conditions, Kip3-3xsfGFP rarely appeared as fluorescent speckles (n = 10, from eight kymographs) and the speckles started moving from random places along microtubules ([Figure 2---figure supplement 2a](#fig2s2){ref-type="fig"}, [Video 2](#video2){ref-type="video"}), as expected from Kip3's distribution profile ([Figure 1a](#fig1){ref-type="fig"}) and in vitro data ([@bib61]; [@bib62]). These data support the notion that unlike Kip3, the initiation of Kip2 runs is restricted to the minus-ends of microtubules -- at least in preanaphase cells.

![Kip2 initiates its runs from SPBs or their vicinity.\
(**a**) Representative experimental kymograph showing Kip2-3xsfGFP speckles departing (yellow arrows) from the SPB, visualized with Spc72-GFP. The red arrow marks a Kip2-3xsfGFP speckle that moves towards the part of the microtubule which moves out of focus. (**b**) Images of [Video 1](#video1){ref-type="video"} from time frame 18 to 30 and line scan analysis of the b-microtubule (boxed area) showing a Kip2-3xsfGFP speckle that departs from the SPB (T18--T19), moves along the microtubule shaft (T20--T29), and arrives at the plus-end (T30). (**c**) Representative images of preanaphase cells expressing the endogenous ATPase deficient protein Kip2-G374A-3xsfGFP (green) and Spc42-mCherry (magenta). Close-up of a mitotic spindle (boxed area, 2 µm long) and line scan analysis of this area are shown on the right. Scale bars, 2 µm. (**d**) Representative images of preanaphase heterozygous diploid cells expressing Kip2-G374A-3xsfGFP (green) and the wild type protein Kip2-mCherry (magenta). Close-up (boxed area, 2 µm long) and line scan analysis as in (**b**). Scale bars, 2 µm. For the line scan analysis in (**b,c**), GFP (green) and mCherry (magenta) fluorescence intensities were normalized to their background levels, respectively. See also [Video 1](#video1){ref-type="video"}, [Figure 2---figure supplement 2a](#fig2s2){ref-type="fig"}, [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"} and [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}.](elife-48627-fig3){#fig3}

###### A representative time-lapse movie shows Kip2-3xsfGFP molecules appearing as speckles from the SPB and moving along the cytoplasmic microtubule towards its plus-end.

All Kip2-3xsfGFP speckles reach the plus-end. The movie consists of 80 frames that were taken every 1.07 s and the frame speed is sped up by 3-fold for better visualization. Scale bar, 2 µm.

10.7554/eLife.48627.011

###### A representative time-lapse movie shows that Kip3-3xsfGFP molecules are nearly absent from the minus-end of the cytoplasmic microtubule and accumulate along the shaft to reach the maximum intensity on the plus-end.

The movie consists of 80 frames that were taken every 1.07 s and the frame speed is sped up by 3-fold for better visualization. Scale bar, 2 µm.

10.7554/eLife.48627.012

As a second independent test for whether Kip2 starts its runs from microtubule minus-ends, we aimed at directly visualizing Kip2 loading sites on microtubules. We mutated a conserved glycine, G374 in Kip2 (Kip2-G374A), which is required for ATP hydrolysis in all kinesins ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). The ATPase deficient Kip2-G374A-3xsfGFP cannot move along the microtubule following its initial binding and should therefore accumulate at the sites where it is loaded on the microtubules. Strikingly, the Kip2-G374A-3xsfGFP signal accumulated exclusively at one or two point-like structures in preanaphase cells and co-expression of the SPB-marker Spc42-mCherry showed that the mutated motor signal systematically localized to or near SPBs ([Figure 3c](#fig3){ref-type="fig"}). Closer analysis of the signal's distribution indicated that Kip2-G374A-3xsfGFP was concentrated on the cytoplasmic side of the SPB. Accordingly, Kip2-G374A-3xsfGFP localization extensively overlapped with Spc72-mCherry, the receptor of the γ-tubulin complex on the SPB outer-plaque ([@bib32]) ([Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). This provided further, independent evidence that Kip2 recruitment to microtubules is restricted nearly exclusively to SPBs, that is, at or near the minus-ends of cytoplasmic microtubules.

To confirm that the exclusive localization of Kip2-G374A-3xsfGFP to SPBs was not due to general defects in microtubule organization, owing to Kip2 defects, we also characterized the localization of the protein in the presence of the wild type form of Kip2 by imaging heterozygous diploid cells expressing both the wild type protein fused to mCherry (Kip2-mCherry) and Kip2-G374A-3xsfGFP. In these cells, the Kip2-mCherry protein decorated microtubule shafts, SPBs and plus-ends, as expected. In contrast, the ATPase-deficient, mutant protein remained at or near SPBs ([Figure 3d](#fig3){ref-type="fig"}). More of Kip2-mCherry localized to SPBs in these strains than in cells that do not express Kip2-G374A, probably due to heterodimerization of the wild type protein with its ATPase deficient mutant. On the opposite, very little if any Kip2-G374A-3xsfGFP was transported to microtubule plus-ends by the wild type protein. We conclude that the heterodimers Kip2/Kip2-G374A are inactive and either stay at their loading site on microtubules, like Kip2-G374A homodimers, or rapidly fall off the microtubule shaft. Moreover, these data established that the landing of Kip2 on microtubules is highly restricted to SPBs. These data also exclude the possibility of Kip2 being directly recruited to microtubule plus-ends, independent of its motor activity.

Mother- and bud-directed SPBs recruit different levels of Kip2 {#s2-4}
--------------------------------------------------------------

Strikingly, quantification of the GFP signal in cells coexpressing Kip2-G374A-3xsfGFP and Spc42-mCherry established that the two SPBs of preanaphase cells did not recruit equal levels of Kip2. b-SPBs localized near the bud neck accumulated approximately four times more of the ATPase-deficient Kip2 variant than m-SPBs ([Figure 4ab](#fig4){ref-type="fig"}). In the vast majority of yeast cells, the b-SPB is the SPB inherited from the previous mitosis (old SPB), whereas the m-SPB is newly synthesized ([@bib47]). Spc42-mCherry can differentiate SPBs by age since Spc42 proteins in old SPBs carry mature -- and thus reliably brighter -- mCherry compared with immature mCherry in new SPBs ([@bib34]). When we separated the cells that correctly oriented the old SPB towards the bud from those few ones (6%) that inverted the orientation of their SPBs, we noticed that the asymmetry of Kip2-G374A-3xfsGFP was much stronger in cells with correct orientation ([Figure 4a](#fig4){ref-type="fig"}).

![Biased microtubule growth and dynein distribution correlate with SPB dependent Kip2 recruitment.\
(**a**) Localization of Kip2-G374A-3xsfGFP (green) in preanaphase cells with correctly oriented (top) and inverted (bottom) SPBs. The orientation of the SPBs is visualized with Spc42-mCherry (magenta). (**b**) Relative Kip2-G374A-3xsfGFP fluorescence (%) associated with b- and m-SPBs in cells shown in (**a**) (999 cells from n \> 3 independent clones or technical replicates). (**c**) Quantification of asymmetry index for Kip2-G374A-3xsfGFP distribution (fluorescence intensity: (FI~b-SPB~ -- FI~m-SPB~) / FI~both-SPBs~) between SPBs in cells in (**a**) with correctly orientated (1407 cells) and inverted SPBs (97 cells). Statistical significances of difference from zero were tested with one-way ANOVA. (**d**) Localization of Kip2-3xsfGFP (green) in preanaphase cells carrying both b- and m- microtubules, with correctly oriented (top) and inverted (bottom) SPBs. (**e**) Normalized fluorescence (%) of Kip2-3xsfGFP associated with plus-ends of b- and m-microtubules in preanaphase cells in (**d**) (347 cells from n \> 3 independent clones or technical replicates). (**f**) Quantification of asymmetry index for Kip2-3xsfGFP accumulation at m- and b-microtubule plus-ends (fluorescence intensity: (FI~b-MT~ -- FI~m-MT~) / FI~both-MTs~) in preanaphase cells in (**d**) with correctly orientated (314 cells) and inverted SPBs (33 cells). Statistical significances of difference from zero were tested with one-way ANOVA. (**g**) Measurements of two-dimensional (2D) b- and m- microtubule lengths (μm) in cells with correctly orientated (758 cells) and inverted SPBs (40 cells) using Kip2-3xsfGFP and Spc42-mCherry as microtubule plus- and minus-end markers, respectively. In case of no visible astral microtubule, the microtubule length was set to 0 μm. (**h**) Localization of Dyn1-mNeonGreen (green) in cells of indicated genotype. Spindles and aMTs are visualized with Spc42-mCherry and Bik1-3xmCherry (magenta). (**i**) Quantification of asymmetry index for Dyn1-mNeonGreen distribution (fluorescence intensity: (FI~b-SPB~ -- FI~m-SPB~) / FI~both-SPBs~) in *Kip2-G374A* cells with correctly orientated (641 cells) and inverted SPBs (47 cells). Note that in 13.4% (106 out of 794) of cells, no detectable Dyn1-mNeonGreen accumulated on preanaphase spindles; these cells were not included in the analysis. Statistical significances of difference from zero were tested with one-way ANOVA. For all panels, means with 95% confidence intervals are shown in black; median values shown as brown bar; data were acquired from at least three independent clones and technical replicates. Relative GFP fluorescence was obtained by normalizing to the mean GFP fluorescence associated with b-SPBs or plus-ends of b-microtubules, as indicated. The average value of each clone or technical replicate is plotted as triangle. \*\*\*\*p\<0.0001, \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05, n.s., not significant. Statistical significances were calculated using one-way ANOVA (**b,c,e,f,g,i**). Source data for these panels are available in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. Scale bars, 2 µm.](elife-48627-fig4){#fig4}

To quantify the asymmetry, we calculated an asymmetry index for Kip2 distribution, which is defined as the difference between the Kip2-G374-3xsfGFP signal on the m-SPB and on the b-SPB, normalized by the total signal of b-SPB and m-SPB. This index reaches one when Kip2-G374A-3xsfGFP is fully asymmetrically distributed towards the bud and −1 when it is fully asymmetric towards the mother cell. In about 94% of the cells, the SPBs are correctly oriented: their b-SPB is the old one and the median asymmetry index value is 0.7 ([Figure 4c](#fig4){ref-type="fig"}). Strikingly, also in cells with inverted SPB orientation, Kip2-G374A-3xfsGFP was significantly biased towards the old SPB, the m-SPB in this case. In these cells, asymmetry was less pronounced (median asymmetry index value: −0.2) than in cells with correct orientation, suggesting that some spatial information biased the recruitment of Kip2 towards the b-SPB as well. In cells with correctly oriented SPBs, the strong bias of Kip2 recruitment towards the b-SPB would then result from the effects of both the age and location of SPBs. We concluded that both the age of the SPB and the vicinity to the bud-neck synergistically activate SPBs for Kip2 recruitment.

To test whether the difference in Kip2-G374A-3xsfGFP recruitment between the two SPBs has any functional significance, we asked whether it was reflected in differences in the distribution of Kip2-3xsfGFP between m- and b-microtubules. In the few cells that carry a cytoplasmic microtubule on both sides of the spindle, Kip2 levels were nearly two-fold higher at the plus-ends of b-microtubules than of m-microtubules ([Figure 4de](#fig4){ref-type="fig"}). The asymmetry index of Kip2-3xsfGFP on microtubule plus-ends in cells with cytoplasmic microtubules emanating from both SPBs showed the same pattern as for Kip2-G374A-3xsfGFP on SPBs ([Figure 4df](#fig4){ref-type="fig"}). In cells with correctly oriented SPBs, the Kip2-3xsfGFP distribution was strongly biased towards the tip of b-microtubules, generally emanating from the old SPB, whereas in cells with inverted SPBs, it showed a weaker bias towards m-microtubules. Note that the difference in Kip2-3xsfGFP levels between m- and b-microtubules is less pronounced in cells with cytoplasmic microtubules on both SPBs than that of Kip2-G374A-3xsfGFP in all preanaphase cells. This may be explained by the different cell populations: cells that carry microtubules on both SPBs might correspond to those preanaphase cells that recruit Kip2 more symmetrically between SPBs, possibly allowing the m-microtubules to grow and become visible (see below). These data further supported the idea that SPBs are the main determinants for Kip2 recruitment to microtubules.

Biased microtubule growth and dynein distribution correlates with Kip2 recruitment {#s2-5}
----------------------------------------------------------------------------------

The asymmetry of Kip2 recruitment to SPBs is highly reminiscent of both the asymmetry of cytoplasmic microtubule length and of dynein delivery. Indeed, the b-SPB, which recruits Kip2 more actively, causes the emanating microtubules to carry more Kip2, and on average grows microtubules twice as long as those emanating from the m-SPB ([Figure 4g](#fig4){ref-type="fig"}). Likewise, the increased loading of Kip2 on b-microtubules correlates well with the localization of dynein, one of the known cargos of Kip2 ([@bib6]; [@bib7]; [@bib39]; [Figure 4h](#fig4){ref-type="fig"}). Supporting the idea that dynein localization depends on Kip2 distribution, dynein levels at microtubule plus-ends were strongly decreased in *kip2∆* mutant cells ([@bib6]; [@bib7]; [@bib39] and [Figure 4h](#fig4){ref-type="fig"}), and dynein was restricted to SPBs in the *Kip2-G374A* mutant cells ([Figure 4h](#fig4){ref-type="fig"}). Furthermore, dynein distribution showed the same correlation with old SPBs as Kip2, being most asymmetric in cells with correctly oriented SPBs, and slightly asymmetric towards the old SPB when SPBs were inverted ([Figure 4i](#fig4){ref-type="fig"}). Thus, SPB-dependent recruitment of Kip2 to microtubules might be one of the mechanisms through which yeast cells promote the growth of b-microtubules and bias dynein distribution towards them.

Bfa1 and Bub2 promote Kip2 run initiation from bud-directed SPBs {#s2-6}
----------------------------------------------------------------

We next sought to determine how cells restrict Kip2 localization to b-SPBs and b-microtubules and to develop perturbations affecting this process. Since Kip2 recruitment to SPBs was at least in part dependent on SPB age, we wondered whether mechanisms specifying the age of SPBs contribute to the preference of Kip2 for the old SPB. The SPB-associated proteins Bub2 and Bfa1 function together as a bipartite GTPase-activating protein (GAP) complex for the GTPase Tem1 and partly independently of each other in SPB specification. In early preanaphase, they are recruited to the old SPB upon its specification by the Spindle Pole Inheritance Network (SPIN). When the SPB moves to the vicinity of the bud neck later in preanaphase, the levels are further enhanced by the position of the SPB. As a consequence, they are most strongly biased to the old SPB when this SPB is the b-SPB compared to when it is the m-SPB ([@bib34]). In anaphase cells, Bub2 and Bfa1 accumulate to high levels on the b-SPB as it enters the bud, irrespective of the SPB's age ([@bib5]; [@bib46]). Therefore, the pattern of Bub2 and Bfa1 distribution is highly reminiscent of that of Kip2.

Thus, we next asked whether Bub2 and Bfa1 influence the recruitment of Kip2 to SPBs. We quantified Kip2-G374A-3xsfGFP localization to SPBs in the *bfa1*∆ and *bub2*∆ single and *bfa1∆ bub2∆* double mutant cells. Either of these single or double deletions lowered the levels of Kip2-G374A-3xsfGFP on the b-SPB almost by half, while the Kip2-G374A-3xsfGFP signal on the m-SPB was unchanged ([Figure 5ab](#fig5){ref-type="fig"}). The deletions had the known effect of making the SPB orientation more random ([@bib34] and [Figure 5c](#fig5){ref-type="fig"}). The asymmetry index indicated that cells with properly oriented and inverted SPBs now behaved very similarly: compared to wild type cells, the asymmetry of ATPase deficient Kip2 was strongly reduced on properly oriented SPBs and fully erased on inverted SPBs ([Figure 5c](#fig5){ref-type="fig"}). Importantly, *bfa1* and *bub2* deletions did not affect the pattern of Kip2 distribution along microtubule shafts, which remained flat, peaking only at the plus-ends, independent of microtubule length ([Figure 5d](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). However, the intensity on the lattice was reduced. This was reflected in the median estimates provided by our in silico model. The median in-rate constant (recruitment rate at the minus-end, k~in~) was 12 times lower in the *bub2∆ bfa1∆* double mutant than in wild type cells ([Figure 5e](#fig5){ref-type="fig"}, p=0.0008 when assuming a Kip2 concentration of ≥ 35 nM, [Figure 2](#fig2){ref-type="fig"}; [Figure 2---figure supplement 3abc](#fig2s3){ref-type="fig"}, see Appendix1 for details), while the median on-rate constant (k~on~) was not significantly reduced. Together, these data indicated that in cells lacking Bub2 and Bfa1, the initiation of Kip2 runs was still restricted to SPBs but was reduced on the b-SPB to the level observed on the m-SPB. Thus, we investigated whether the reduction of Kip2 recruitment by b-SPBs was reflected by the levels of Kip2-3xsfGFP on microtubules. Indeed, in all *bfa1*∆ and *bub2*∆ single and double mutant cells Kip2-3xsfGFP levels dropped at the plus-ends of b-microtubules to nearly m-microtubule levels, while remaining unchanged at the plus-ends of m-microtubules, compared to wild type cells ([Figure 5f](#fig5){ref-type="fig"}). Consistently, Kip2-3xsfGFP levels at the plus-ends of microtubules in cells with both cytoplasmic microtubules were now more symmetric ([Figure 5g](#fig5){ref-type="fig"} and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). Hence, Bub2 and Bfa1, which respond synergistically to historical and spatial cues to accumulate specifically on the b-SPB, contribute together to Kip2 recruitment on the b-SPB and to the enhanced rate of Kip2 run initiation on b-microtubules.

![Bfa1 and Bub2 promote Kip2 run initiation from bud-directed SPBs.\
(**a**) Representative images of Kip2-G374A-3xsfGFP (green) in preanaphase cells of indicated genotype. Spindles are visualized with Spc42-mCherry (magenta). See [Figure 3c](#fig3){ref-type="fig"} for control. (**b**) Normalized Kip2-G374A-3xsfGFP fluorescence (%) associated with b- (blue) and m-SPBs (yellow) in cells shown in (**a**) (n \> 3 independent clones or technical replicates,\>701 cells per genotype). (**c**) Quantification of asymmetry index for Kip2-G374A-3xsfGFP distribution (fluorescence intensity: (FI~b-SPB~ -- FI~m-SPB~) / FI~both-SPBs~) between SPBs in cells in (**b**) with correctly orientated (blue) and inverted (red) SPBs. For cells with inverted SPBs, statistical significances of difference from zero were tested with one-way ANOVA. (**d**) Representative images (left) and quantifications (right) of fluorescence intensities (a.u.) from endogenous Kip2-3xsfGFP along preanaphase aMTs (boxed areas) in *bfa1∆bub2∆* cells. The graph format is the same as in [Figure 1](#fig1){ref-type="fig"}. 45 ≤ n ≤ 99 per bin. The pink dashed line denotes the weighted linear regressions for the mean GFP fluorescence on plus-ends in wild-type cells. See [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} for more details. (**e**) In silico likelihood of on rate constant $k_{\text{on}}$ and in rate constant $k_{\text{in}}$ estimated from model fits to Kip2-3xsfGFP distribution in wt and *bfa1∆bub2∆* cells. Statistical significance for $k_{\text{in,}bfa1\Delta bub2\Delta} < k_{\text{in,wt}}$(\*\*\*, p=8∙10^−4^, was determined by sampling from the likelihood for $\left\lbrack \text{Kip2} \right\rbrack_{\text{total}} \geq 35\text{ nM}$ (see Appendix 1), difference in median as indicated. Graph as in [Figure 2d](#fig2){ref-type="fig"}. (**f**) Normalized Kip2-3xsfGFP fluorescence (%) associated with microtubule plus-ends in preanaphase cells carrying both b- (blue) and m- (yellow) microtubules (n \> 3 independent clones or technical replicates,\>275 cells per genotype). See [Figure 5---figure supplement 1a](#fig5s1){ref-type="fig"} for representative images. (**g**) Quantification of asymmetry index for Kip2-3xsfGFP accumulation at m- and b-microtubule plus-ends (fluorescence intensity: (FI~b-MT~ -- FI~m-MT~) / FI~both-MTs~) in preanaphase cells for data in (**f**) with correctly orientated (blue) and inverted (red) SPBs. Graphs and statistical analysis are as in [Figure 4 (b,c,e,f,g and i)](#fig4){ref-type="fig"} unless otherwise indicated. Statistical significances within each genotype are marked at the bottom. Scale bars, 2 µm. See also [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}.](elife-48627-fig5){#fig5}

Phosphorylation of its N-terminus prevents Kip2 from landing along microtubules {#s2-7}
-------------------------------------------------------------------------------

Besides SPB recruitment, in silico modeling indicated that Kip2 distribution also depended on forbidding landing and run initiation at random places on microtubules. Interestingly, Kip2's N-terminus is heavily phosphorylated in vivo in a GSK3-, Cdk1-, and Dbf2/20-dependent manner ([@bib12]) ([Figure 6a](#fig6){ref-type="fig"}); the kinases Dbf2 and Dbf20 function in the yeast Hippo pathway ([@bib21]). GSK3-dependent phosphorylation is primed through phosphorylation of serine 63, which is conserved across Kip2 orthologues in fungi ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}) and falls into a consensus site for the mitotic kinases Cdk1 and Dbf2/20. Furthermore, phosphorylation of the N-terminus of Kip2 inhibits Kip2 binding to microtubules ([@bib12]). As reported ([@bib12]), mutation of S63 to alanine (*KIP2-S63A*) largely reduced Kip2 phosphorylation ([Figure 6b](#fig6){ref-type="fig"}). Interestingly, both SPBs recruited more of the hypo-phosphorylated, ATPase deficient protein Kip2-S63A-G374A-3xsfGFP ([Figure 6cd](#fig6){ref-type="fig"}) but this recruitment was still asymmetric between SPBs, except in cells with inverted SPB orientation ([Figure 6e](#fig6){ref-type="fig"}). Thus, preventing Kip2 phosphorylation did not affect much the role of the SPBs in Kip2 recruitment. In contrast, the distribution profile of Kip2-S63A-3xsfGFP along microtubules deviated strongly from that of Kip2-3xsfGFP and resembled more that of Kip3 ([Figure 1a](#fig1){ref-type="fig"}): The levels of Kip2-S63A-3xsfGFP linearly increased from the minus- to the plus-ends of the microtubules, and plus-end levels increased with microtubule length ([Figure 6f](#fig6){ref-type="fig"}, [Video 3](#video3){ref-type="video"}). We estimated the effect of the S63A mutation on the kinetic parameters driving Kip2 distribution using our in silico model as above. These estimates indicate that the median on-rate constant of Kip2-S63A (k~on~) is significantly higher than for the wild type protein (p\<2∙10^−4^ when assuming a Kip2 concentration of ≥ 35 nM, [Figure 2](#fig2){ref-type="fig"} and [Figure 2---figure supplement 3abd](#fig2s3){ref-type="fig"}, see Supplemental information for details), while the median in-rate constant (k~in~, minus-end recruitment) is not significantly changed ([Figure 6g](#fig6){ref-type="fig"}). These estimates indicate that phosphorylation of Kip2's N-terminus primarily inhibits Kip2 from landing on microtubules. Consistent with this hypothesis, the hypo-phosphorylated, ATPase-deficient Kip2-S63A-G374A-3xsfGFP protein decorated both microtubule shafts and SPBs in heterozygous diploid cells co-expressing Kip2-mCherry ([Figure 6hi](#fig6){ref-type="fig"}). Furthermore, the Kip2-S63A mutation largely bypassed the differential control of Kip2 recruitment to microtubules exerted by SPBs. We reasoned that the approximately 6-fold increase of the on-rate constant, which was still around 40-fold lower than the in-rate constant, had such a profound effect because Kip2 recruitment rates are proportional to the number of recruitment sites, and lattice sites are more abundant than sites at the minus-end. The levels of Kip2-S63A-3xsfGFP on plus-ends increased on both m- and b-microtubules, and the level differences between them were substantially reduced compared to wild type ([Figure 6j](#fig6){ref-type="fig"} and [Figure 4e](#fig4){ref-type="fig"}). Moreover, the asymmetry of hypo-phosphorylated Kip2-S63A-3xsfGFP levels between m- and b-microtubule plus-ends was reduced and no-longer depended on whether the spindle was properly oriented or not ([Figure 6k](#fig6){ref-type="fig"} and [Figure 4f](#fig4){ref-type="fig"}). Therefore, preventing Kip2 landing along microtubules is a pre-requisite for the control of Kip2 recruitment by SPBs and Kip2 phosphorylation is key in this process.

![Phosphorylation of its N-terminus prevents Kip2 from landing along microtubules.\
(**a**) Scheme of Kip2 protein and its disordered N-terminus with residue serine 63 (red) and kinase consensus sites (blue). (**b**) Western blot analysis of endogenously expressed Kip2-6HA and Kip2-S63A-6HA. Lysates were prepared from cycling cells of indicated genotype. (**c**) Representative images of Kip2-S63A-G374A-3xsfGFP (green) in preanaphase cells. Spindles are visualized with Spc42-mCherry (magenta). See [Figure 3b](#fig3){ref-type="fig"} for control. (**d**) Normalized Kip2-S63A-G374A-3xsfGFP fluorescence (%) associated with b- (blue) and m-SPBs (yellow) in cells shown in (**c**) (n \> 3 independent clones or technical replicates,\>314 cells per genotype). (**e**) Quantification of asymmetry index for Kip2-S63A-G374A-3xsfGFP distribution (fluorescence intensity: (FI~b-SPB~ -- FI~m-SPB~) / FI~both-SPBs~) between SPBs for data in (**d**) with correctly orientated (blue) and inverted (red) SPBs. (**f**) Representative images (left) and quantifications (right) of fluorescence intensities (a.u.) from endogenous Kip2-S63A-3xsfGFP along preanaphase aMTs (boxed areas). The graph format is the same as those in [Figure 1](#fig1){ref-type="fig"}. 29 ≤ n ≤ 55 per bin. The pink dashed line denotes the weighted linear regression for the mean GFP fluorescence on plus-ends in wild-type cells. See [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} for more details. (**g**) In silico likelihood of on rate constant $k_{\text{on}}$ and in rate constant $k_{\text{in}}$ estimated from model fits to Kip2-3xsfGFP data in wt and Kip2-S63A-3xsfGFP cells. Statistical significance for $k_{\text{on,S63A}} > k_{\text{on,wt}}$ (\*\*\*, p\<2∙10^−4^) was determined by sampling from the likelihood for $\left\lbrack \text{Kip2} \right\rbrack_{\text{total}} \geq 35\text{ nM}$ (see Appendix 1), difference in median as indicated. Graph as in [Figure 2d](#fig2){ref-type="fig"}. (**h**) Representative images of preanaphase heterozygous diploid cells expressing the endogenous ATPase deficient protein Kip2-S63A-G374A-3xsfGFP (green) and the wild type protein Kip2-mCherry (magenta). (**i**) Line scan analysis along the numbered microtubules shown in (**h**). As in [Figure 3b](#fig3){ref-type="fig"}, GFP (green) and mCherry (magenta) fluorescence intensities were normalized to their background levels, respectively. (**j**) Normalized Kip2-S63A-3xsfGFP fluorescence (%) associated with microtubule plus-ends in preanaphase cells carrying both b- (blue) and m- microtubules (yellow) (305 cells from n \> 3 independent clones). Values were normalized to Kip2-3xsfGFP fluorescence associated with b-microtubules in wild-type cells, denoted as red dotted line in the graph. See [Figure 5---figure supplement 1a](#fig5s1){ref-type="fig"} for representative images. (**k**) Quantification of asymmetry index for Kip2-S63A-3xsfGFP accumulation on microtubule plus-ends (fluorescence intensity: (FI~b-MT~ -- FI~m-MT~) / FI~both-MTs~) for data in (**j**) with correctly orientated (blue) and inverted (red) SPBs. Graphs and statistical analysis are like those in [Figure 4 (b,c,e,f,g and i)](#fig4){ref-type="fig"}. Statistical significances within each genotype are marked at the bottom of graphs. Source data for these panels are available in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. Scale bars, 2 µm. See also [Video 3](#video3){ref-type="video"}, [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"} and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}.](elife-48627-fig6){#fig6}

###### A representative time-lapse movie shows that unlike wildtype molecules, Kip2-S63A-3xsfGFP molecules accumulate along the cytoplasmic microtubule shaft length-dependently.

Also, these speckles move towards and reach the plus-end. The movie consists of 80 frames that were taken every 1.07 s and the frame speed is sped up by 3-fold for better visualization. Scale bar, 2 µm.

10.7554/eLife.48627.018

SPB dependent recruitment of Kip2 specifies microtubule length and dynein distribution {#s2-8}
--------------------------------------------------------------------------------------

While targeted Kip2 recruitment at SPBs (via Bub2/Bfa1) and prevention of random lattice binding (via Kip2 phosphorylation) ensured that Kip2 distributions were biased towards the plus-ends of b-microtubules independently of microtubule length, we wondered what the functional consequences of such Kip2 distribution are. Therefore, we asked whether the *bub2*∆, *bfa1*∆ and *KIP2-S63A* mutations, which mitigate the control of Kip2, affected the length of m- and b-microtubules and the delivery of dynein to their plus-ends. We used the yeast homolog of CLIP-170, Bik1, to label microtubule plus-ends, as reported ([@bib35]; [@bib55]), and Spc72 as the minus-end marker. Bik1 and Spc72 were fused to three and one copy of GFP, respectively, at their endogenous loci. The Bik1-3xGFP reporter localized most strongly to microtubule plus-ends but decorated microtubule shafts and minus-ends as well ([Figure 7a](#fig7){ref-type="fig"} and [Figure 7---figure supplement 1a](#fig7s1){ref-type="fig"}), allowing accurate measurement of three-dimensional (3D) microtubule length for microtubules longer than 0.67 µm (see Material and methods). As already reported ([@bib35]), most preanaphase cells did not form a measurable microtubule on their m-SPB. This remained true in the *KIP2-S63A*, *bub1*∆, *bfa1*∆ single and the *bub2∆ bfa1*∆ double mutant strains ([Figure 7---figure supplement 1b](#fig7s1){ref-type="fig"}), indicating that neither Kip2 phosphorylation nor Bub2 and Bfa1 control the differential rate of microtubule nucleation between m- and b-SPBs by themselves.

![SPB dependent recruitment of Kip2 specifies aMT size and dynein distribution.\
(**a**) Illustration and representative images of preanaphase cells of indicated genotype carrying both b- and m-microtubules using Bik1-3xGFP and Spc72-GFP as microtubule plus- and minus-end markers, respectively. Scale bars, 2 µm. (**b**) Quantification of the three-dimensional (3D) average maximum length (µm) of b- (blue) and m-microtubules (yellow) over the recording time (85.6 s, see Materials and methods) from the cells shown in (**a**). Means with 95% confidence intervals are shown in black, n \> 127 cells per genotype. \*\*\*\*p\<0.0001, \*\*\*p\<0.001, \*\*p\<0.01, \*p\<0.05, n.s., not significant. Statistical significances were calculated using two-tailed Student's t-test. Source data are available in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. (**c**) Localization of Dyn1-mNeonGreen (green) in preanaphase cells of indicated genotype carrying both aMTs. Spindles and aMTs are visualized with Spc42-mCherry and Bik1-3xmCherry (magenta). Scale bars, 2 µm. (**d**) Quantification of asymmetry index (fluorescence intensity: (FI~b-MT~ -- FI~m-MT~) / FI~both-MTs~) of Dyn1-mNeonGreen accumulation on microtubule plus-ends in cells shown in (**c**) (\>94 cells per genotype). Means with 95% confidence intervals are shown in black; data were acquired from at least three independent clones or technical replicates. The average value of each clone or technical replicate is plotted as triangle. \*\*\*\*p\<0.0001, Statistical significances were calculated using one-way ANOVA. Source data for this panel are available in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. (**e**) Illustration of the proposed remote-control mechanism (see main text for details). See also [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"} and [Figure 7---figure supplement 2](#fig7s2){ref-type="fig"}.](elife-48627-fig7){#fig7}

In the wild type cells that formed both m- and b-microtubules, the b-microtubules were on average longer than the m-microtubules ([Figure 4g](#fig4){ref-type="fig"} and [Figure 7b](#fig7){ref-type="fig"}; [@bib35]). Kip2 hypo-phosphorylation (*KIP2-S63A* mutant cells) caused both m- and b-microtubules to become longer on average compared to wild type cells ([Figure 7ab](#fig7){ref-type="fig"}), in agreement with these microtubules carrying higher levels of the microtubule polymerizing kinesin Kip2 at their plus-ends ([Figure 6j](#fig6){ref-type="fig"} and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). In these mutant cells, the m- and b-microtubules were no-longer significantly different in length. Inactivation of Bfa1, Bub2, or both also eliminated the length difference between m- and b-microtubules, but in this case by reducing the average length of b- to that of m-microtubules ([Figure 7ab](#fig7){ref-type="fig"}). This fully agrees with reduced Kip2 levels on both the b-SPB and b-microtubules compared to wild type, but unchanged levels on m-SPBs and m-microtubules ([Figure 5f](#fig5){ref-type="fig"}). Consistent with these effects, the *KIP2-S63A, bfa1∆, bub2∆,* and *bfa1∆ bub2∆* mutations randomized dynein distribution in cells carrying both b- and m- microtubules ([Figure 7cd](#fig7){ref-type="fig"}). Unlike in wild type cells, Dyn1-mNeonGreen localized indistinguishably to the tip of both b- and m-microtubules in all these mutant cells. The amount of Dynein molecules appears to be limiting in these cells as they are redistributed between the two microtubule plue-ends in *Kip2-S63A* cells ([Figure 7---figure supplement 2](#fig7s2){ref-type="fig"}). We therefore concluded that restricting the initiation of Kip2 runs to the b-SPBs functioned as a molecular determinant for specifying the length and function of b-microtubules in vivo.

Discussion {#s3}
==========

Here, we identify a remote-control mechanism for patterning microtubule organization and function at the subcellular level in yeast and demonstrate that this mechanism relies on a dedicated mode of kinesin regulation ([Figure 7e](#fig7){ref-type="fig"}). We provide evidence that the messenger-kinesin Kip2, a member of the kinesin-7 family, makes the growth of microtubules and their role in cargo delivery dependent on the MTOC they emanate from. This process relies on two main conditions: the cytoplasmic pool of the kinesin is inhibited in its ability to bind microtubules at random positions, and at least one MTOC provides activities promoting the recruitment and reactivation of the kinesin locally, at the minus-end of the microtubule. Together, these two conditions ensure that the kinesin accumulates on only a subset of microtubules. The kinesin in turn determines the dynamic properties of these microtubules: Kip2 stabilizes the targeted microtubules ([@bib22]), enables them to grow longer and to reach into the bud, where they deliver specific cargos such as dynein ([@bib45]). As a minus-end directed microtubule motor itself, dynein contributes further to defining the functional properties of the microtubules. Releasing the specificity of the SPB or the cytoplasmic inhibition of the kinesin equalizes the distribution of the kinesin and its cargoes, and prevents microtubule differentiation. Thus, at least in budding yeast, the remote-control of microtubule plus-ends by the SPBs is a major mechanism for establishing spindle asymmetry and differentiating the behavior of selected microtubules.

Interestingly, modification of the kinesin rather than of microtubules prevented cytoplasmic Kip2 from landing at random locations along microtubules. Landing-inhibition was achieved through phosphorylation, probably the simplest mechanism possible. Remarkably, phosphorylation involves a domain of Kip2 with many potential phosphorylation sites, most of which are targeted by yeast GSK3-related kinases ([@bib12]). Once initiated by the priming kinase, Gsk3 can very efficiently maintain Kip2 in a highly phosphorylated state. Where the priming event of phosphorylation takes place is unknown at this stage. It could involve a cytoplasmic kinase, such as cytoplasmic Cdk1 and Dbf2 activities ([@bib12]), or a kinase localized to the microtubule plus-end, such as Cdk1, which accumulates at the tip of b-microtubules during preanaphase ([@bib37]; [@bib38]). Interestingly, preventing Kip2 phosphorylation did not slow down its release from microtubule tips (k~out~), indicating that even if Kip2 phosphorylation took place at microtubule tips, it is not the determining step for releasing the kinesin. Thus, Kip2 phosphorylation specifically prevents reloading of cytoplasmic Kip2 to random places on microtubules and thereby ensures the supremacy of SPBs in the control of Kip2 recruitment.

As a consequence, Kip2 recruitment activity at SPBs most likely requires two components. First, a high-affinity or many low-affinity binding sites for phosphorylated Kip2 must be present at the MTOC to ensure its recruitment against competing binding sites on microtubules: even if phosphorylated Kip2 binds them only poorly, the surface of the microtubules in the cell and the number of tubulin dimers that they expose is orders of magnitude greater than the size of the microtubule minus-end. A function of MTOCs in recruiting microtubule-associated proteins may explain the comparatively large size of the outer plaque of SPBs for nucleating only very few cytoplasmic microtubules, and may underlie the gel-like structure and size of the peri-centriolar material in animal centrosomes ([@bib66]). Second, at SPBs the kinesin must be released of the inhibition that prevents its binding to the microtubule lattice. Indeed, the ability to bind the lattice is consubstantial to the ability of these motor proteins to walk processively along the microtubules. This suggests that an as yet unidentified phosphatase locally activates Kip2 at SPBs. Thus, our data suggest that understanding to which extent and how MTOCs differentiate themselves from each other to regulate processes such as the recruitment of messenger kinesins will be paramount to understanding many aspects of microtubule patterning in cells, particularly during mitosis.

We suggest that the remote-control model of microtubule behavior by MTOCs as identified here is conserved beyond yeast and might even provide a useful perspective for solving open issues of how the tubulin code is established and maintained in vivo. In interphase and post-mitotic cells, post-translational modifications of tubulin were identified in the microtubule lattice and proposed to play a key role in determining the distinctive dynamics and functional properties of individual microtubules. These mechanisms are collectively referred to as 'tubulin code' ([@bib16]). Tubulin modifications directly or indirectly affect the stability of the microtubule, the recruitment of MAPs and specific +TIPs, and the binding and motor activity of kinesins and dynein ([@bib16]; [@bib54]). In all cases, however, how cells control the recruitment of tubulin-modifying enzymes to specific microtubules remains largely unclear ([@bib50]).

We propose that the recruitment of specific kinesins by MTOCs could be a mechanism for controlling the recruitment of tubulin modifiers. Indeed, recent data in mammalian cells indicate that kinesins control at least some microtubule modifications such as acetylation ([@bib57]; [@bib64]). In addition, microtubule longevity is a prerequisite for the acquisition of many tubulin modifications ([@bib50]). Therefore, microtubule-stabilizing messenger kinesins such as Kip2 are excellent candidates for modulating the propensity of microtubules to acquire specific modifications. In that regard, we note that MTOC asymmetry can precede asymmetric tubulin modification and microtubule spatial orientation in the meiotic spindle ([@bib67]). Finally, it is tempting to speculate that at least some tubulin modifiers are actually kinesin cargos.

To establish that our remote-control model applies in general, we would rely on evidence that other cell types also exhibit MTOC-dependent control of microtubule behavior and on evidence that this control is achieved by messenger kinesins. Although much work is needed to make any firm conclusion, both conditions may be fulfilled. Indeed, yeast cells are not the only asymmetrically dividing cells that form asters of different sizes during mitosis. The one cell embryo of *C. elegans*, *Drosophila* neuroblasts and male germline stem cells show similar asymmetries ([@bib27]; [@bib68]; [@bib19]). Furthermore, centrosomes segregate non-randomly and as a function of their age in many stem cells, from fruit fly to the mouse ([@bib36]). Thus, in many cell-types the centrosomes seem to be able to control the plus-end dynamics and functions of the microtubules that they nucleate, depending on centrosome age. Furthermore, at least a few kinesins feature the critical ability to lose the ability to bind and walk along microtubules when phosphorylated in organisms as distant from yeast as metazoans ([@bib29]; [@bib28]; [@bib13]); this supports the notion that kinesins can function as messengers between MTOCs and microtubule plus ends in many eukaryotes.

Finally, it is clear that not all kinesins are regulated by MTOCs. As we show for preanaphase yeast cells, cytoplasmic microtubules are decorated in a SPB-independent but length-dependent manner by a microtubule-destabilizing kinesin-8 (Kip3), and concomitantly in a SPB-dependent but length-independent manner by a microtubule-stabilizing kinesin-7 (Kip2). The fission yeast *S. pombe* homologs of Kip2 (Tea2) and Kip3 (Klp5/6) were recently shown to exhibit a similar pattern of kinesin accumulation at microtubule plus-ends ([@bib41]). The two distinct but co-existing modes of kinesin recruitment likely underlies microtubule stability control by kinesin competition at microtubule plus ends ([@bib41]), leading to a complex balance of regulation on different microtubules. It will be interesting to dissect how this balance might contribute to precisely defining the length of individual microtubules. Thus, the control of kinesin distribution emerges here as a code in itself that has distinct and predictable effects on the function and dynamics of the underlying microtubules, as well as on the patterning of cellular microtubule organization.

Materials and methods {#s4}
=====================

Yeast strains {#s4-1}
-------------

Yeast strains used in this study are listed in [Supplementary file 2](#supp2){ref-type="supplementary-material"}. All strains are isogenic to S288C. Fluorescent or HA-tagged proteins were tagged at endogenous loci ([@bib31]). All gene deletions were created using the PCR-based integration system ([@bib26]) and gene deletions were verified by PCR analysis. Specific Kip2 mutations were introduced on a pRS314-Kip2-3xsfGFP:KanMX plasmid or a pRS304-Kip2 plasmid via site-directed mutagenesis (pfu-Turbo, Stratagene). KIP2 locus was then amplified and integrated in a *kip2∆* strain and the correct integration was verified by PCR and sequencing.

Media and growth conditions {#s4-2}
---------------------------

Cells were cultured in YEPD (yeast extract peptone, 2% dextrose) for collecting western blotting samples. For live cell imaging, overnight cultures in SC (synthetic medium, 2% dextrose) were diluted to OD~600~ 0.15 and cultivated for four more hours before being placed on an SC-medium agar patch for microscopy imaging.

Fluorescence microscopy {#s4-3}
-----------------------

A Nipkow spinning disk (Carl Zeiss) equipped with an incubator for temperature was employed. Time-lapse movies were acquired using a back-illuminated EM-CCD camera Evolve 512 (Photometrics, Inc) mounted on the spinning disk microscope with a motorized piezo stage (ASI MS-2000) and 100 × 1.46 NA alpha Plan Apochromat oil immersion objective, driven by Metamorph based software VisiVIEW (Visitron Systems). 17 Z-section images separated by 0.24 µm increments were captured with the exposure time of 30 ms each, the whole stack took 1.07 s. For imaging aMT dynamics, 80 continuous repetitions were taken. For imaging strains with both GFP and mCherry signals, the GFP channel was always set to 30 ms exposure time and the mCherry channel to 50 ms exposure time. For diploid cells expressing Kip2-mCherry, the exposure time for the mCherry channel was set at 100 ms. For imaging strains expressing Dyn1-mNeonGreen, Spc42-mCherry, and Bik1-3xmCherry, both the mNeonGreen channel and the mCherry channel were exposed for 200 ms each. Images in figures represent sum fluorescence intensities across Z-projections. Scale bars represent 2 μm.

Image and data analysis {#s4-4}
-----------------------

Preanaphase cells were collected based on the shape of cells and the size of spindles. For analyzing the profiles of GFP fusion proteins along astral microtubules (aMTs), the sum intensity projection of the images was used. A 5-pixel (666.7 nm) width line was used to scan astral microtubules from plus-ends toward SPBs both in the GFP and the mCherry channels using Fiji ([@bib52]), and exported to CSV files. These profiles were then aggregated for further analysis using MATLAB (R2018a, Mathworks), and peak detection for the GFP and mCherry signals was performed, respectively. Profile length was defined as the peak-to-peak distance, and the profiles were then binned into length bins as detailed in the figure legends.

Normalization between profile data acquired on different dates was performed by acquiring data from the same wild-type (wt) strain on each day data for other strains was acquired. After performing line scanning and alignment as described above, the GFP channel fluorescence intensity values between the SPB intensity peak locations in the mCherry channel, and plus end peak in the GFP channel, respectively, were compared using a Q-Q-plot. We computed the fluorescence $Fl$ (in arbitrary units) at quantiles $q$ from 0.5% to 99.5% in 0.5% increments from both datasets -- the reference dataset we wanted to normalize to with fluorescence values $Fl_{\text{wt,ref}}\left( q \right)$, and the dataset we wanted to normalize from with fluorescence values $Fl_{\text{wt,from}}\left( q \right)$ -- and fit the linear model $Fl_{\text{wt,ref}}\left( q \right) = \alpha \cdot Fl_{\text{wt,from}}\left( q \right) + \beta$ to estimate parameters $\alpha$ and $\beta$. The data from wildtype cells (wt) acquired on January 30^th^, 2018 (shown in [Figure 1b](#fig1){ref-type="fig"}) were set as the reference; wt ([Figure 1---figure supplement 1d](#fig1s1){ref-type="fig"}, left panel) and Kip2-S63A ([Figure 6f](#fig6){ref-type="fig"}) data from February 12^th^, 2018, as well as wt ([Figure 1---figure supplement 1d](#fig1s1){ref-type="fig"}, right panel), *bfa1Δ* and *bub2Δ* ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}), and *bfa1Δbub2Δ* ([Figure 5d](#fig5){ref-type="fig"}) data from December 8^th^, 2018, were normalized using the corresponding wt data, respectively. The model fit yielded$$\alpha = 0.6806\ (95\%\text{~CI:~}0.6796 - 0.6816)$$$$\beta = 1957\ (95\%\text{~CI:~}1937 - 1978)\text{~a.u.}$$with $R^{2} = 0.9997$ for the mapping from February 12^th^ to January 30^th^ data, and$$\alpha = 0.9599\text{~(95\textbackslash\%\ CI:~}0.9563 - 0.9635),$$$$\beta = 922.0\text{~(95}\%\text{~CI:~}865.9 - 978.1)\text{~a.u.,}$$with $R^{2} = 0.9982$ for the mapping from December 8^th^ to January 30^th^ data, respectively.

For the purpose of demonstration and for calculating the speeds of fluorescent speckles, kymographs were generated and analyzed using Fiji. Shortly, a 5-pixel width line was placed along preanaphase cytoplasmic microtubules from SPBs towards plus-ends, and kymographs were created using the 'Reslice' function without interpolation. The position of the 5-pixel line was adjusted to cover the whole microtubule over time as well as possible. Due to the pivoting of cytoplasmic microtubules, these kymographs do not capture all fluorescent speckles from their origination to dissociation. When the microtubule moves out of the covered area, the corresponding speckles disappear from the kymograph. Conversely, when a part of the microtubule moves into the center of the covered area, dim speckles become brighter. The origination and dissociation of speckles were inspected in the time-lapse recordings frame by frame. The speed of fluorescent speckles moving towards microtubule plus-ends was calculated by extracting the coordinates of the starting and terminal positions of each speckle using the kymographs.

For fluorescence intensity, a Region Of Interest (ROI) was drawn around the area of interest (AOI) and the integrated density was extracted. An identically sized ROI was put next to the AOI to determine the background signal. The background intensity was subtracted from the ROI intensity to yield the fluorescence intensity (a.u.). For every experiment that was performed for quantification of fluorescence intensity (a.u.), corresponding wild-type cells were imaged and analyzed for comparison to mutant cells. Average values of wild type cells of different experiments were used for normalization and comparison between experiments.

To determine the length of astral microtubules, endogenously expressed Bik1-3xGFP and Spc72-GFP were used as the plus- and minus-end marker, respectively. Three-dimensional coordinates of microtubule plus-ends and the corresponding SPBs were extracted with the Low Light Tracking Tool ([@bib33]). The tracking tool does make mistakes when microtubules depolymerize with a very high rate, or when microtubules pivot quickly with large angles. Therefore, all tracked trajectories were inspected by eye to find and to correct those very rare mistakes. All of the time series tracking results were analyzed with custom functions written in Matlab (MathWorks). The distance between the b- and m- SPBs is the spindle length. Cells with spindles longer than 2 µm were excluded. The distance between a microtubule plus-end and the corresponding SPB represents the length of the microtubule. Only microtubules longer than 5-pixels (666.7 nm) were considered detectable due to the limit of the microscope resolution. Using this criterion, the maximum length and lifetime of each microtubule within the recorded time window (85.6 s) were extracted. Microtubule growth and shrinkage phases were annotated manually and recorded in Matlab, the speeds of microtubule growth and shrinkage were calculated using these annotations.

Western blot {#s4-5}
------------

For protein extraction, 2 OD~600~ log phase cell cultures were spun down and pellets were washed once with ice cold PBS, then lysed with Zirconia-Silicate beads in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM MgCl~2~, Roche Complete Protease and phosphatase inhibitors and 0.2% NP- 40) on a FastPrep-24 homogenizer. Lysate was cleared by centrifugation at 5000 x *g*, 4°C for 5 min. Samples were separated on a 6% SDS-polyacrylamide gel (SDS-PAGE), wet-transferred onto a polyvinylidene fluoride (PVDF) membrane for western blotting. Antibodies used were primary antibodies anti-HA (1:1000, mouse monoclonal, Covance Inc), anti-GFP (1:1000, mouse monoclonal, Roche), anti-Pgk1 (1:4000, mouse monoclonal, Invitrogen), and secondary antibody goat anti-Mouse IgG conjugated to horseradish peroxidase (1:5000, Bio-Rad).

Statistics {#s4-6}
----------

Each experiment was repeated with three or more independent clones (biological replicates). For wt strains, extra technical replicates were performed. The 95% confidence interval (95% CI) is shown in the graphs, or as indicated. n.s. (not significant) or asterisks indicate P values from Student's t-test or one-way ANOVA as indicated. Statistical analyses were performed on the means of the replicates.
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Model: Mathematical Formulation {#s8}
===============================

We formulate the following ordinary differential equations for the binding probability of kinesin motors at the minus-end $p_{1}$ , on the interior lattice $p_{i}$ , and at the plus-end $p_{N}$ of a 1D protofilament of length $N$:$$\frac{dp_{1}}{dt} = \left( {1 - p_{1}} \right)r_{\text{in}} + \left( {1 - p_{1}} \right)r_{\text{on}} - p_{1}k_{\text{off}} - p_{1}\left( {1 - p_{2}} \right)k_{\text{step}}$$$$\frac{dp_{i}}{dt} = p_{i - 1}\left( {1 - p_{i}} \right)k_{\text{step}} + \left( {1 - p_{i}} \right)r_{\text{on}} - p_{i}k_{\text{off}} - p_{i}\left( {1 - p_{i + 1}} \right)k_{\text{step}}$$$$\frac{dp_{N}}{dt} = p_{N - 1}\left( {1 - p_{N}} \right)k_{\text{step}} + \left( {1 - p_{N}} \right)r_{\text{on}} - p_{N}k_{\text{out}}$$

Here, $r_{\text{in}} = k_{\text{in}}\left\lbrack {\text{Kip}2} \right\rbrack_{\text{free}}$ and $r_{\text{on}} = k_{\text{on}}\left\lbrack {\text{Kip}2} \right\rbrack_{\text{free}}$, and the probabilities are subject to $\, 0 \leq p_{1} \leq 1,\, 0 \leq p_{i} \leq 1,0 \leq p_{N} \leq 1$.

The microtubule filament was assumed to be static for analytical tractability. Note that while microtubule growth at in vivo speeds does not change the lattice increase and peak intensity of the predicted mean Kip2 distribution profile substantially, it does result in a wider Kip2 peak at the microtubule ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}).

Stochastic Simulation {#s9}
=====================

To perform stochastic simulations, we use a direct-method Gillespie algorithm ([@bib18]). Initially, all Kip2 is assumed to be free, that is $\left\lbrack \text{Kip2} \right\rbrack_{\text{free}} = \left\lbrack \text{Kip2} \right\rbrack_{\text{total}}$. The state $x$ of the protofilament is a binary vector of length $N$, with each entry describing a binding site $x_{i}$. Each binding site can either be free, $x_{i} = 0$, or occupied by a motor, $x_{i} = 1$, that is$${free(x_{i})}:=\left\{ \begin{matrix}
1 & {x_{i} = 0} \\
0 & {otherwise} \\
\end{matrix} \right.,{and}\,{occ}(x_{i}):=1 - {free}(x_{i})$$

The state then evolves according to the propensities and state change vectors given in [Supplementary file 3](#supp3){ref-type="supplementary-material"}.

Model Parameters {#s10}
================

Lattice Loading Rate $r_{\text{on}}$ {#s10-1}
------------------------------------

The lattice loading rate is given by $r_{\text{on}} = k_{\text{on}}\left\lbrack \text{Kip2} \right\rbrack_{\text{free}}$, where $k_{\text{on}}$ is the Kip2 motor on rate per binding site, per second, per nM Kip2. We start parameter search around the published in vitro on rate per microtubule, per minute, per nM Kip2 ([@bib49]). Since in vivo, both Bik1 and Bim1 are present, we sample around the value of 3.9 μm^-1^min^-1^nM^-1^, which, assuming 13 protofilaments and 125 binding sites per micron of protofilament, that is 8 nm per binding site, translates to $k_{\text{on}}$ = 4 × 10^-5^ s^-1^nM^-1^. Samples were thus drawn from 1 × 10^-5^ s^-1^nM^-1^ up to 1 s^-1^nM^-1^ in 15 steps in log-space to cover a reasonable range of possible rate constants.

Total Kip2 Concentration $\left\lbrack \text{Kip2} \right\rbrack_{\text{total}}$ {#s10-2}
--------------------------------------------------------------------------------

Another unknown parameter is the Kip2 concentration $\left\lbrack \text{Kip2} \right\rbrack_{\text{total}}$, which we specify in nM units. Estimating this value is more involved -- we start by querying PaxDB ([@bib63]), a database that aggregates protein abundances for different organisms in parts per million, for Kip2 abundance. From the experimental estimates in PaxDB (discarding the integrated model), we compute the median Kip2 abundance in ppm, 14.6 ppm. This number can then be converted to proteins per micron cubed by multiplying by 2.5 × 10^6 ^proteins μm^-3^ as derived for *S. cerevisiae* ([@bib42]), to yield an estimated 36.5 Kip2 molecules per micron cubed. The volume of a yeast cell in preanaphase is approximately 50 μm^3^ ([@bib59]). Thus, approximately 1825 Kip2 molecules are available in a preanaphase yeast cell, corresponding to a concentration of 61 nM. If we consider a single microtubule of 13 protofilaments, there are about 140 Kip2 molecules available per protofilament. We use this number as a rough guess for parameter search in our single-protofilament model, and draw samples uniformly from 60 to 200 Kip2 molecules per protofilament in 20 molecule increments, and then 300, 400 and 500 molecules per protofilament to investigate the effect of higher concentrations of up to 218 nM.

Minus-End Loading Rate $r_{\text{in}}$ {#s10-3}
--------------------------------------

The minus-end loading rate was unknown at first. However, it is useful to compare the minus-end loading rate $r_{\text{in}} = k_{\text{in}}\left\lbrack \text{Kip2} \right\rbrack_{\text{free}}$ with the overall loading rate on the lattice$$r_{\text{on,total}} = {\sum\limits_{i = 1}^{N}r_{\text{on}}} = {\sum\limits_{i = 1}^{N}{k_{\text{on}}\left\lbrack \text{Kip2} \right\rbrack_{\text{free}}}} = Nk_{\text{on}}\left\lbrack \text{Kip2} \right\rbrack_{\text{free}}$$where $r_{\text{in}} \gg r_{\text{on,total}}$ if and only if $k_{\text{in}} \gg Nk_{\text{on}}$. Since $k_{\text{off}} \approx 0$, no motors can detach on the way, and we can distinguish between minus-end-dominated and lattice-dominated motor binding by comparing the in- and on-rates. If $k_{\text{in}}/k_{\text{on}}\, \gg N$, then motor binding is minus-end-dominated, if $k_{\text{in}}/k_{\text{on}}\, \ll N$, then motor binding is lattice-dominated. For initializing the parameter search, we can thus explore the regime around $k_{\text{in}} \approx Nk_{\text{on}}$. For a 2nm microtubule, $N$ = 250, that is for the in rate constant to have a measurable effect, it should roughly be two orderorders of magnitudes higher than the on rate constant. Therefore, the in rate constant was sampled in 15 steps logarithmically in a range shifted up by two orders of magnitude, that is from 1 × 10^-3 ^s^-1^nM^-1^ to 1 × 10^2 ^s^-1^nM^-1^.

Stepping rate $~k_{\text{step}}$ {#s10-4}
--------------------------------

The stepping rate $~k_{\text{step}}$ can be inferred from the velocity the motor shows while not encountering any obstacle, if we assume 8 nm steps (corresponding to the length of a tubulin heterodimer). The free-stepping motor velocity in vitro was quantified in the presence of the proteins Bim1 and Bik1, Kip2 binding partners in vivo ([@bib49]). Since measurements of speckle speeds from our own kymographs were available, we fixed the stepping rate in the model to the mean measured value of $k_{\text{step}}$ = 13.04 s^-1^.

Lattice off rate $k_{\text{off}}$ {#s10-5}
---------------------------------

The lattice off rate $k_{\text{off}}$ was previously determined in vitro ([@bib49]), both in the absence of Bim1 and Bik1 (0.473 s^-1^), as well as their presence (7.3 × 10^-3^ s^-1^). However, these experiments were performed without crowding agents, and kinesin motors tend to be more processive in crowded environments ([@bib9]). The microtubules we consider are shorter than 4 μm, but, on average, a motor is expected to run around 8 μm without falling off, and potentially even further in the crowded cytoplasm in vivo. We therefore fix the off rate in the model to 0 s^-1^.

Plus-end off rate $k_{\text{out}}$ {#s10-6}
----------------------------------

The plus-end off rate $k_{\text{out}}$ is conceptually different from the lattice off rate $k_{\text{off}}$ and the stepping rate $k_{\text{step}}$ because the motor cannot simply step off the end, and it does not stay bound forever. An off rate of 2.27 × 10^-2^ s^-1^ for single motors has previously been determined in vitro ([@bib22]). However, it is unclear if multiple motors at the plus-tip would detach more readily. In the limiting case of the plus-end off rate being equal to the step rate, the motors would simply step off past the microtubule with the same speed as they move on the lattice. Therefore, we investigated the parameter range between the single-motor off rate, and the stepping rate: we sampled $k_{\text{out}}$ linearly from 1 s^-1^ up to the value of $k_{\text{step}}$ of 13.04 s^-1^ in 1.0033 s^-1^ increments.

Conditions for Flat Kinesin Profiles {#s10-7}
------------------------------------

To derive a condition on the parameters required for a flat mean motor occupancy profile, we require that the probability of a motor being bound on the lattice is equal for all lattice sites in the midzone, that is the zone between the microtubule minus- and plus-ends. The equations for such a system read as follows:$$\frac{dp_{1}}{dt} = \left( {1 - p_{1}} \right)r_{\text{in}} + \left( {1 - p_{1}} \right)r_{\text{on}} - p_{1}k_{\text{off}} - p_{1}\left( {1 - p_{M}} \right)k_{\text{step}}$$$$\frac{dp_{M}}{dt} = p_{1}\left( {1 - p_{M}} \right)k_{\text{step}} + \left( {1 - p_{M}} \right)r_{\text{on}} - p_{M}k_{\text{off}} - p_{M}\left( {1 - p_{M}} \right)k_{\text{step}}$$$$\frac{dp_{M}}{dt} = p_{M}\left( {1 - p_{M}} \right)k_{\text{step}} + \left( {1 - p_{M}} \right)r_{\text{on}} - p_{M}k_{\text{off}} - p_{M}\left( {1 - p_{M}} \right)k_{\text{step}}$$$$\frac{dp_{M}}{dt} = p_{M}\left( {1 - p_{M}} \right)k_{\text{step}} + \left( {1 - p_{M}} \right)r_{\text{on}} - p_{M}k_{\text{off}} - p_{M}\left( {1 - p_{N}} \right)k_{\text{step}}$$$$\frac{dp_{N}}{dt} = p_{M}\left( {1 - p_{N}} \right)k_{\text{step}} + \left( {1 - p_{N}} \right)r_{\text{on}} - p_{N}k_{\text{out}}$$where the probabilities are subject to $\, 0 \leq p_{1} \leq 1,\, 0 \leq p_{M} \leq 1,0 \leq p_{N} \leq 1$. We are interested in the steady-state profile generated. Therefore, we set the left-hand side of above equation system to zero and derive the steady-states $p_{i}^{\ast}$, depending on the parameters. $p_{i}^{(0)}$ refers to the initial state of $p_{i}$.

Case 1: $k_{\text{step}} = 0$

If $k_{\text{step}} = 0$, it follows immediately that all the equations become uncoupled, that is each lattice binding site becomes an independent binding site. For the minus-end site, unless $r_{\text{in}} = r_{\text{on}} = k_{\text{off}} = 0$ and $p_{1}^{*} = p_{1}^{(0)}$ (there are no dynamics),$$p_{1}^{\ast} = \frac{r_{\text{in}} + r_{\text{on}}}{r_{\text{in}} + r_{\text{on}} + k_{\text{off}}}$$

For the inner lattice sites, unless $r_{\text{on}} = k_{\text{off}} = 0$ and $p_{M}^{*} = p_{M}^{(0)}$,$$p_{M}^{*} = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}$$

For the plus-end site, unless $r_{\text{on}} = k_{\text{out}} = 0$ and $p_{N}^{*} = p_{N}^{(0)}$,$$p_{N}^{*} = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{out}}}$$

Case 2: $k_{\text{step}} > 0,k_{\text{out}} = 0$

This scenario consists of a permanent roadblock at the plus end. From$$p_{M}^{\ast}\left( {1 - p_{N}^{\ast}} \right)k_{\text{step}} + \left( {1 - p_{N}^{\ast}} \right)r_{\text{on}} - \underset{= 0}{\underbrace{p_{N}^{\ast}k_{\text{out}}}} = 0$$it follows that $\left( {1 - p_{N}^{*}} \right)\left( {r_{\text{on}} + p_{M}^{*}k_{\text{step}}} \right) = 0.$ This implies

-   $p_{N}^{*} = 1$, and/or

-   $r_{\text{on}} = 0$ and $p_{M}^{*} = 0$. $p_{N}^{*}$ is then the same as the initial condition $p_{N}^{(0)}$. From

$$\underset{= p_{1}^{\ast}k_{step}}{\underbrace{p_{1}^{\ast}(1 - p_{M}^{\ast})k_{step}}} + \underset{= 0}{\underbrace{(1 - p_{M}^{\ast})r_{on}}} - \underset{= 0}{\underbrace{(1 - p_{M}^{\ast})k_{off}}} - \underset{= 0}{\underbrace{p_{M}^{\ast}(1 - p_{M}^{\ast})k_{step}}} = 0$$it follows that $p_{1}^{*} = 0$. Using$$\underset{= r_{in}}{\underbrace{(1 - p_{1}^{\ast})r_{in}}} + \underset{= 0}{\underbrace{(1 - p_{1}^{\ast})r_{out}}} - \underset{= 0}{\underbrace{p_{1}^{\ast}k_{off}}} - \underset{= 0}{\underbrace{p_{1}^{\ast}(1 - p_{M}^{\ast})k_{step}}} = 0$$immediately shows that $r_{\text{in}} = 0$.

If $p_{N}^{*} = 1$, the plus-end site is fully occupied. Then equations$$\begin{matrix}
{p_{M}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} + \left( {1 - p_{M}^{\ast}} \right)r_{\text{on}} - p_{M}^{\ast}k_{\text{off}} - p_{M}^{\ast} - \underbrace{p_{M}^{\ast}(1 - p_{N}^{\ast})}{k_{step}}_{= 0}\text{and}} \\
{\ p_{M}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} + \left( {1 - p_{M}^{\ast}} \right)r_{\text{on}} - p_{M}^{\ast}k_{\text{off}} - p_{M}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} = 0} \\
\end{matrix}$$imply that either of two cases must hold:

1.  $p_{M}^{*} = 0$ and $r_{\text{on}} = 0$. It then again follows that $p_{1}^{*}\left( {1 - p_{M}^{*}} \right)k_{\text{step}} = 0$ and thus $p_{1}^{*} = 0$, which in turn implies that $r_{\text{in}} = 0$.

2.  $p_{M}^{*} = 1$ and $k_{\text{off}} = 0$. In this case, the motors arrive from the minus-end and get stuck on the lattice, never reaching the plus end. Then,

$$\left( {1 - p_{1}^{\ast}} \right)r_{\text{in}} + \left( {1 - p_{1}^{\ast}} \right)r_{\text{on}}\underset{= 0}{- p_{1}^{\ast}k_{off}} - \underset{= 0}{\underbrace{p_{1}^{\ast}(1 - p_{M}^{\ast})k_{step}}} = 0$$either implies $p_{1}^{*} = 1$, or $r_{\text{in}} + r_{\text{on}} = 0$, in which case $p_{1}^{*} = p_{1}^{(0)}$.

Case 3: $k_{\text{step}} > 0,k_{\text{out}} > 0,k_{\text{in}} = 0,k_{\text{on}} = 0$

In this case, the steady-state equation for $p_{1}^{*}$ reads$$\underset{= 0}{\underbrace{(1 - p_{1}^{\ast})r_{in}}} + \underset{= 0}{\underbrace{(1 - p_{1}^{\ast})r_{on}}} - p_{1}^{\ast}k_{\text{off}} - p_{1}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} = 0\ \Leftrightarrow\ p_{1}^{\ast}\left( {k_{\text{off}} + \left( {1 - p_{M}^{\ast}} \right)k_{\text{step}}} \right) = 0$$

Two sub-cases fulfill this condition:

1.  $p_{M}^{*} = 1$ and $k_{\text{off}} = 0$, in which case $p_{1}^{*} = p_{1}^{(0)}$. This corresponds to case two above, where $r_{\text{in}} + r_{\text{on}} = 0$, and then$$\underset{= 0}{\underbrace{p_{M}^{\ast}(1 - p_{M}^{\ast})k_{Step}}} + \underset{= 0}{\underbrace{(1 - p_{M}^{\ast})r_{on}}} - \underset{= 0}{\underbrace{p_{M}^{\ast}k_{off}}} - \underset{= (1 - p_{N}^{\ast})k_{Step}}{\underbrace{p_{M}^{\ast}(1 - p_{M}^{\ast})k_{step}}} = 0$$implies that $p_{N}^{*} = 1$. Thus, the lattice is fully occupied, and any motor bound at the minus-end site cannot move.

2.  $p_{1}^{*} = 0$, that is the first binding site is always empty. Then,$$\begin{matrix}
    {\underset{= 0}{\underbrace{p_{1}^{\ast}(1 - p_{M}^{\ast})k_{step}}} + \underset{= 0}{\underbrace{(1 - p_{M}^{\ast})r_{on}}}} & {- p_{M}^{\ast}k_{\text{off}} - p_{M}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} = 0} \\
     & {\Leftrightarrow p_{M}^{\ast}\left( {k_{\text{off}} + \left( {1 - p_{M}^{\ast}} \right)k_{\text{step}}} \right) = 0} \\
    \end{matrix}$$

Then, there are again two cases:

a.  $p_{M}^{*} = 0$. Then,$$\underset{= 0}{\underbrace{p_{M}^{\ast}(1 - p_{N}^{\ast})k_{step}}} + \underset{= 0}{\underbrace{(1 - p_{N}^{\ast})r_{on}}} - p_{N}^{\ast}k_{\text{out}} = 0,$$which implies $p_{N}^{*} = 0$, that is all the sites are empty.

b.  $p_{M}^{*} = 1$ and $k_{\text{off}} = 0$. Then$$\underset{= 0}{\underbrace{p_{M}^{\ast}(1 - p_{M}^{\ast})k_{step}}} + \underset{= 0}{\underbrace{(1 - p_{M}^{\ast})r_{on}}} - \underset{= 0}{\underbrace{p_{M}^{\ast}k_{off}}} - \underset{= (1 - p_{N}^{\ast})k_{step}}{\underbrace{p_{M}^{\ast}(1 - p_{N}^{\ast})k_{step}}} = 0$$implies that $p_{N}^{*} = 1$, that is the first site is empty, and the lattice and plus-end sites are occupied.

Case 4: $k_{\text{step}} > 0,~k_{\text{out}} > 0,k_{\text{in}} + k_{\text{on}} > 0$

From the steady-state equations$$\begin{matrix}
{\left( {1 - p_{1}^{\ast}} \right)r_{\text{in}} + \left( {1 - p_{1}^{\ast}} \right)r_{\text{on}} - p_{1}^{\ast}k_{\text{off}} - p_{1}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}}} & {= 0\ } \\
{\left( {1 - p_{1}^{\ast}} \right)\left( {r_{\text{in}} + r_{\text{on}}} \right) - p_{1}^{\ast}\left( {k_{\text{off}} + \left( {1 - p_{M}^{\ast}} \right)k_{\text{step}}} \right)} & {= 0\ } \\
{p_{M}^{\ast}(1 - p_{M}^{\ast})k_{step} + (1 - p_{M}^{\ast})r_{on} - p_{M}^{\ast}(1 - p_{M}^{\ast})k_{step}} & {= 0} \\
{\Leftrightarrow - k_{step}p_{M}^{\ast 2} + k_{step}p_{M}^{\ast} + r_{on} - p_{M}^{\ast}r_{on} - p_{M}^{\ast}k_{step} + p_{M}^{\ast 2}k_{step}} & {= 0} \\
{\Leftrightarrow r_{on} - p_{M}^{\ast}r_{on} - p_{M}^{\ast}k_{off}} & {= 0} \\
\end{matrix}$$

If $r_{\text{on}} + k_{\text{off}} > 0$, then$$p_{M}^{*}~ = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}$$

For the plus-end site, this leads to:$$\begin{matrix}
{p_{M}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} + \left( {1 - p_{M}^{\ast}} \right)r_{\text{on}} - p_{M}^{\ast}k_{\text{off}} - p_{M}^{\ast}\ \left( {1 - p_{N}^{\ast}} \right)k_{\text{step}} = 0} \\
{\Leftrightarrow p_{N}^{\ast} = p_{M}^{\ast} + \frac{k_{\text{off}} + r_{\text{on}}}{k_{\text{step}}} - \frac{r_{\text{on}}}{k_{\text{step}}p_{M}^{\ast}}} \\
{\Leftrightarrow p_{N}^{\ast} = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}} + \frac{k_{\text{off}} + r_{\text{on}}}{k_{\text{step}}} - \frac{r_{\text{on}}}{k_{\text{step}}}\frac{r_{\text{on}} + k_{\text{off}}}{r_{\text{on}}}} \\
{\Leftrightarrow p_{N}^{\ast} = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}} \\
\end{matrix}$$

From$$\begin{matrix}
{p_{M}^{\ast}\left( {1 - p_{N}^{\ast}} \right)k_{\text{step}} + \left( {1 - p_{N}^{\ast}} \right)r_{\text{on}} - p_{N}^{\ast}k_{\text{out}}} & {= 0} \\
{\ \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}\frac{k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{step}} + \frac{k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}r_{\text{on}} - \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{out}}} & {= 0} \\
\end{matrix}$$it follows that$$k_{\text{out}} = k_{\text{off}}\frac{r_{\text{on}} + k_{\text{off}} + k_{\text{step}}}{r_{\text{on}} + k_{\text{off}}}.$$

Then, for the minus end site,$$\begin{matrix}
{(1 - p_{1}^{\ast}r_{in}) + (1 - p_{1}^{\ast})r_{on} - 1 - p_{1}^{\ast}k_{off} - 1 - p_{1}^{\ast}(1 - 1 - p_{M}^{\ast}k_{step})} & {= 0} \\
{\frac{k_{off}}{r_{on} + k_{off}}r_{in} + \frac{k_{off}}{r_{on} + k_{off}}r_{on} - \frac{k_{on}}{r_{on} + k_{off}}r_{off} - \frac{k_{on}}{r_{on} + k_{off}}\,\frac{k_{off}}{r_{on} + k_{off}}k_{step}} & {= 0} \\
{k_{off}r_{in} + k_{off}r_{on} - r_{on}k_{off} - \frac{r_{on}k_{off}k_{step}}{r_{on} + k_{off}}} & {= 0} \\
{\Leftrightarrow r_{in} = \frac{r_{on}k_{step}}{r_{on} + k_{off}}} & \\
\end{matrix}$$

This holds in two cases:

-   $k_{\text{off}} = 0$, $r_{\text{on}} > 0$, which implies $k_{\text{out}} = 0~$and thus is covered in case 2, and/or

-   $p_{1}^{*}~ = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}.$ Then, from

$$\begin{matrix}
{\left( {1 - p_{1}^{\ast}} \right)r_{\text{in}} + \left( {1 - p_{1}^{\ast}} \right)r_{\text{on}} - p_{1}^{\ast}k_{\text{off}} - p_{1}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}} = 0} \\
{\frac{k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}r_{\text{in}} + \frac{k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}r_{\text{on}} - \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{off}} - \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}\frac{k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{step}} = 0} \\
{k_{\text{off}}r_{\text{in}} + k_{\text{off}}r_{\text{on}} - r_{\text{on}}k_{\text{off}} - \frac{r_{\text{on}}k_{\text{off}}k_{\text{step}}}{r_{\text{on}} + k_{\text{off}}} = 0} \\
{\Leftrightarrow r_{\text{in}} = \frac{r_{\text{on}}k_{\text{step}}}{r_{\text{on}} + k_{\text{off}}}} \\
\end{matrix}$$

Thus, for $r_{\text{on}} + k_{\text{off}} > 0$, we have$$p^{*} = p_{1}^{*}~ = p_{M}^{*} = p_{N}^{*} = \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}.$$

The flow rate of motors from one site to the next is accordingly

$p^{*}\left( {1 - p^{*}} \right)k_{\text{step}} = \frac{r_{\text{on}}k_{\text{off}}}{\left( {r_{\text{on}} + k_{\text{off}}} \right)^{2}}k_{\text{step}}$.

This is the same as the inflow at the minus-end$$\begin{matrix}
{\left( {1 - p^{\ast}} \right)\left( {r_{\text{in}} + r_{\text{on}}} \right) - p^{\ast}k_{\text{off}}} & {= \frac{k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}\left( {r_{\text{in}} + r_{\text{on}}} \right) - \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{off}}} \\
\  & {= \ \frac{\frac{r_{\text{on}}k_{\text{step}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{off}}}{r_{\text{on}} + k_{\text{off}}}} \\
\  & {= \frac{r_{\text{on}}k_{\text{off}}}{\left( {r_{\text{on}} + k_{\text{off}}} \right)^{2}}k_{\text{step}}} \\
\end{matrix}$$

In contrast, the outflow at the plus-end is$$\begin{matrix}
{p^{\ast}k_{\text{out}}} & {= \frac{r_{\text{on}}}{r_{\text{on}} + k_{\text{off}}}k_{\text{off}}\frac{r_{\text{on}} + k_{\text{off}} + k_{\text{step}}}{r_{\text{on}} + k_{\text{off}}}} \\
 & {= \frac{r_{\text{on}}k_{\text{off}}}{\left( {r_{\text{on}} + k_{\text{off}}} \right)^{2}}\left( {r_{\text{on}} + k_{\text{off}} + k_{\text{step}}} \right)} \\
 & {= p^{\ast}\left( {1 - p^{\ast}} \right)k_{\text{step}} + \left( {1 - p^{\ast}} \right)r_{\text{on}}} \\
\end{matrix}$$

If $r_{\text{on}} + k_{\text{off}} = 0$, it follows that $r_{\text{in}} > 0$, and$$\begin{matrix}
 & {0 = \left( {1 - p_{1}^{\ast}} \right)r_{\text{in}} - p_{1}^{\ast}\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}}} \\
 & {0 = \left( {p_{1}^{\ast} - p_{M}^{\ast}} \right)\left( {1 - p_{M}^{\ast}} \right)k_{\text{step}}} \\
 & {0 = p_{M}^{\ast}\left( {p_{N}^{\ast} - p_{M}^{\ast}} \right)k_{\text{step}}} \\
 & {0 = p_{M}^{\ast}\left( {1 - p_{N}^{\ast}} \right)k_{\text{step}} - p_{N}^{\ast}k_{\text{out}}} \\
\end{matrix}$$

There are again multiple solutions to this system of equations:

-   $p_{1}^{*} = p_{M}^{*} = p_{N}^{*} = 1$, where $k_{\text{out}} = 0$ and $r_{\text{in}}$ is arbitrary (but $> 0$ per assumption).

-   $p_{1}^{*} = p_{M}^{*} = p_{N}^{*} = p^{*} < 1$. Then, we get $p^{*} = \frac{r_{\text{in}}}{k_{\text{step}}},r_{\text{in}} < k_{\text{step}}$ and $k_{\text{out}} = k_{\text{step}} - k_{\text{in}}.$ The flow rate of motors from one site to the next then is $p^{*}\left( {1 - p^{*}} \right)k_{\text{step}} = \frac{r_{\text{in}}\left( {k_{\text{step}} - r_{\text{in}}} \right)}{k_{\text{step}}}$. The inflow at the minus end is $\left( {1 - p^{*}} \right)r_{\text{in}} = \frac{r_{\text{in}}\left( {k_{\text{step}} - r_{\text{in}}} \right)}{k_{\text{step}}}$, and the outflow at the plus end is $p_{N}^{*}k_{\text{out}} = \frac{r_{\text{in}}\left( {k_{\text{step}} - r_{\text{in}}} \right)}{k_{\text{step}}}.$ This is the solution that is most consistent with the parameter values and observed behavior for the Kip2-3xsfGFP mean profile in wildtype cells.

### Measurement Model {#s10-7-1}

The measurement model maps fluorescent Kip2 molecules on the protofilament lattice of the in silico model to in vivo fluorescence signals as measured by a confocal microscope. Since the underlying microtubule length $l$ resulting in the minus-end-peak to plus-end-peak length $l_{\text{peak}}$ is a priori unknown, we simulate a population of microtubules with lengths ranging from 1.112 µm to 3.136 µm in 88 nm increments. This was deemed sufficiently accurate to cover the measured bin lengths (that range from 1.333 µm to 2.933 µm) by inspecting the fraction of profiles contributing to each bin, and by sampling more densely. The simulation and measurement model computation then proceed as follows:

1.  Stochastic simulation Simulate model as detailed in the stochastic simulation section for two hours of simulation time.

2.  Sampling of time points from simulation at 0.25 Hz (1 Hz for [Figure 2B](#fig2){ref-type="fig"}) for one hour of simulation time after initial burn-in of one hour simulation time.

3.  Convolution of sampled profiles with 1D point-spread function (PSF). We use a 1D Gaussian PSF with$$\sigma = 0.21\frac{\lambda}{NA},$$where $\lambda$ ≈ 509 nm is the emission wavelength of the used GFP fluorophore, and $NA$ = 1.46 is the numerical aperture of the objective lens used ([@bib58]).

4.  Pixel sampling and binning Each pixel has a side length of 133 nm, which corresponds to approximately 17 motor binding sites of 8 nm on the protofilament. We compute all mappings from binding sites to pixels, with integer offsets of binding sites, by averaging the fluorescence values of the binding sites in each pixel, resulting in 17 possible samplings of each convolved profile.

5.  Peak detection For detecting the location of the microtubule plus-end, as for the in vivo data, the microtubule plus-end was defined by finding the local fluorescence maximum at the microtubule plus-tip.

6.  Restriction to profile lengths within binSince the in vivo profiles were analyzed by binning their lengths from the minus-end to the plus-end with a ± 1 pixel threshold, model profiles were binned analogously.

7.  Centered within-bin alignment and mean computation Finally, all the profiles within a bin are aligned by centering them, and the bin mean is computed.

Step 7 generates the final model mean $\mu_{\text{model}}\left( x_{i,\text{model}},\mathbf{p} \right)$ with sample locations $x_{i,\text{model}}$ and parameters $\mathbf{p}$.

### Likelihood Function and Confidence Regions {#s10-7-2}

We compare the mean profile $\mu_{\text{data}}\left( x_{i\text{,data}} \right)$ with standard error $\text{SEM}\left( x_{i\text{,data}} \right)$ at locations $x_{i\text{,data}}$ obtained from in vivo data, with the mean profile$${\overset{\sim}{\mu}}_{\text{model}}\left( {x_{i,\text{model}},\mathbf{p},A,B} \right) = A + B \cdot \mu_{\text{model}}\left( {x_{i,\text{model}},\mathbf{p}} \right)$$with parameters $\mathbf{p}$ at locations $x_{i,\text{model}}$, by linearly interpolating ${\overset{\sim}{\mu}}_{\text{model}}\left( {x_{i,\text{model}},\mathbf{p},A,B} \right)$ at $x_{i\text{,data}}$ and thus estimating ${\overset{\sim}{\mu}}_{\text{model}}\left( {x_{i,\text{data}},\mathbf{p},A,B} \right)$. $A$ is given by the mean background fluorescence, and $B$ is the maximum mean fluorescence corresponding to a fully occupied lattice, which can be estimated from the saturation of the (normalized) Kip2-S63A mutant fluorescence (at approximately 13.7 a.u. when optimized over all experimental conditions fit with the model). We assume a normal error for the data, which gives rise to the likelihood function$$L\left( {\text{model}|\text{data}} \right) = \frac{1}{\left( {2\pi} \right)^{N/2}}\prod\limits_{i = 1}^{N}\text{SEM}\left( x_{\text{data},i} \right)^{- 1} \cdot \prod\limits_{i = 1}^{N}e^{- \frac{{({{\overset{\sim}{\mu}}_{\text{model}}{({x_{\text{data},i},\mathbf{p},A,B})} - \mu_{\text{data}}{(x_{\text{data},i})}})}^{2}}{\text{2\ SEM}{(x_{\text{data},i})}^{2}}}$$

In order to find the best-fitting parameter set, rather than maximizing the likelihood directly, we minimize the negative log-likelihood:$$\begin{matrix}
{- 2LL} & {= - 2\left. \lgroup{- \frac{N}{2}\log\left( {2\pi} \right) - \sum\limits_{i = 1}^{N}\text{SEM}\left( x_{\text{data},i} \right) - \sum\limits_{i = 1}^{N}\frac{\left( {{\overset{\sim}{\mu}}_{\text{model}}\left( {x_{\text{data},i},\mathbf{p},A,B} \right) - \mu_{\text{data}}\left( x_{\text{data},i} \right)} \right)^{2}}{\text{2\ SEM}\left( x_{\text{data},i} \right)^{2}}} \right.\rgroup} \\
 & {= \underset{= const.\operatorname{=:}C}{\underbrace{N\log\left( {2\pi} \right) + 2\sum\limits_{i = 1}^{N}\text{SEM}\left( x_{\text{data},i} \right)}} + \underset{\operatorname{=:}SSE(\mathbf{p})}{\underbrace{\sum\limits_{i = 1}^{N}\frac{\left( {{\overset{\sim}{\mu}}_{\text{model}}\left( {x_{\text{data},i},\mathbf{p},A,B} \right) - \mu_{\text{data}}\left( x_{\text{data},i} \right)} \right)^{2}}{\text{SEM}\left( x_{\text{data},i} \right)^{2}}}}} \\
\end{matrix}$$

Since $C$ is a constant, we can simply minimize the sum-of-squares term over all possible parameter sets $\mathbf{p}$ in order to find the maximum likelihood parameter set $\mathbf{p}^{\text{ML}}$:$$\mathbf{p}^{\text{ML}}: = \underset{\mathbf{p}}{arg\, min}\left( {SSE\left( \mathbf{p} \right)} \right)$$

Finally, we sample from the posterior by first sampling which bin a microtubule belongs to proportionally to the number of microtubule profiles in each bin, and then proportionally to the likelihood $e^{- \frac{1}{2}SSE(\mathbf{p})}$.
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Thank you for submitting your article \"Remote control of microtubule plus-end dynamics and function from the minus-end\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Vivek Malhotra as the Senior Editor. The reviewers have opted to remain anonymous.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In eukaryotic cells, intracellular components are positioned in space and time in part due to the microtubule cytoskeleton. Cellular microtubules are functionally diverse, despite being formed from a common pool of tubulin dimers. In asymmetrically dividing cells the microtubules associated with the old and new centrosome are often functionally distinct. However, mechanistically what leads to these distinctions is not well understood in any system. In the current work, Chen and Widmer et al. use a combination of in vivo imaging in *S. cerevisiae* and mathematical modelling to determine that the differing cargoes and plus end dynamics of bud-microtubules and mother-microtubules is specified at their minus ends (found anchored in the spindle pole body (SPB)). They find that old SPBs recruit the kinesin Kip2 to the minus end in a manner that depends on Bub2 and Bfa1 as well as the phosphorylation state of Kip2. Kip2 then translocates to the plus end, transporting dynein to the bud and promoting microtubule extension. The authors conclude this rigorously performed study by proposing a model for how microtubule organizing centers could differentially specify the plus end behavior of the microtubules emanating from them.

Essential revisions:

1\) One of the authors\' main conclusions from their modeling is that Kip2 starts its runs from the b-SPB and ends them at the microtubule plus end. However, this is really difficult to visualize in the experimental kymograph shown in Figure 3A (right) and Figure 2---figure supplement 1A (middle). Specifically, in Figure 3A, some runs appear to be truncated halfway (e.g. 5th arrowhead from the left in the experimental kymograph). Some speckles appear to start in the microtubule lattice, not from SPB, although it is difficult to interpret from the blurry kymograph. Additionally, the synthetic kymograph does not closely resemble the experimental kymograph, as stated by the authors in the first paragraph of the subsection "Kip2 runs start from SPBs". Thus, the claim \"the initiation of Kip2 runs is restricted to the minus-ends\" is weak. Clearer kymographs or additional experimental evidence is necessary to support this claim. Intensity line scans at different time points could help to more clearly distinguish individual motor runs in space and time.

2\) Related to the first point, additional information should also be added to the Materials and methods describing how runs were determined. If multiple people analyzed this data, did they come to the same conclusions about what to consider a run? Was this data blinded in some way to account for potential bias in the analysis? Automated detection of runs would ease concerns that runs are being mis-assigned.

3\) Mutating G374 in Kip2 is a nice second independent test for whether Kip2 starts its runs from the microtubule minus-ends (subsection "Kip2 runs start from SPBs", first paragraph). However, if Kip2 is indeed different from Kip3 with regard to where it initiates runs, then mutating the corresponding residue in Kip3 (G343 based on the alignment in Figure 3---figure supplement 1) would be a good control to perform. The mutated Kip3-G343 would be predicted to decorate along the microtubule length and not accumulate at the b-SPB like Kip2. This would strengthen the argument that loading at SPBs and initiating runs at the minus end is a Kip2-specific phenomenon.

4\) In Figure 5B, the authors show that *bfa1* and *bub2* deletions lowered the levels of Kip2-G374A on the b-SPB by nearly 50%, while the signal on the m-SPB was unchanged. Similarly, in Figure 5F, the levels of Kip2 on b-microtubules lowered to nearly m-microtubules levels, while the signals on the m-microtubules remained unchanged compared to wild type. These decreases might indicate that there is actually less total Kip2 in *bfa1* and *bub2* null cells. The authors should determine the expression levels of Kip2 by western blot to exclude the possibility that the decreases are not due to a reduction in Kip2\'s expression or protein stability.

5\) In a related point, following the analysis of Kip2-S63A-G374A in Figure 6C, D, E, the authors conclude that both SPBs recruited more of the hypo-phosphorylated, ATPase deficient protein and that the distribution was still asymmetric in cells with correctly oriented SPBs. However, based on Figure 6D, it seems that the enhancement in both SPBs indicates that the total amount of Kip2 in the cell might have increased significantly because of the S63A mutation. The authors should compare the levels of Kip2-S63A-G374A to Kip2-G374A to exclude the possibility that dephosphorylation of Kip2\'s N-terminus enhances the stability of the protein, thereby giving the observed effects.

6\) The authors\' main conclusions concern Kip2\'s distribution profile in metaphase. However, they selected spindles for analysis and decided which spindles were in metaphase based on the shape of cells and the size of spindles (subsection "Image and data analysis", first paragraph). The standard in the field for examining cells in metaphase is to perform cdc20 depletion (such as Khmelinskii et al., 2009). Given that metaphase is not strictly defined by the length of the spindle, it would be more appropriate to refer to preanaphase instead of metaphase.

7\) Kip2 hypo-phosphorylation caused an increase in the levels of Kip2 on the plus ends of both b- and m-microtubules compared to wild type, based on Figure 6J versus Figure 4E, but the levels of dynein to the b-microtubules, a cargo of Kip2, did not appear to increase based on the images shown in Figure 7C (comparing the dynein dots in *KIP2* vs. *KIP2-S63A* images). On the other hand, in Figure 7D, the authors report that dynein distribution at the tip of b- and m-microtubules was randomized when Kip2 phosphorylation is prevented (i.e. in *KIP2-S63A* mutant cells). Please clarify how randomization occurred when there is no apparent change in dynein intensity?

8\) Related to the modeling.

\- The presented model addresses binding, unbinding and stepping rates of the kinesin. However, it does not consider dynamic microtubules (e.g. compare left vs. right kymographs in Figure 3A, where the plus end clearly grows in the experimental condition, but not in the model). Addition of plus end dynamics and showing that the regulation of Kip2 loading at the minus ends affects it would make the model predictions much stronger. For instance, how would the model predict observations presented in Figure 4?

\- The total intensity at the tip corresponds to a defined accumulation of motors at the end. How many are there? (The number of occupied sites should be set by the ratio of minus-end loading and plus-end off rate; and can thus also be directly predicted from the model parameters.)

9\) Points to discuss:

\- Is it possible to exclude direct end-targeting of Kip2 (e.g. through Bim1 binding or another mechanism)? In principle, such a model would also produce a non-microtubule-length dependent Kip2 profile, here the *r~on~* would be the on rate of direct binding to the tip.

\- If enhanced loading to the SPB is a specific mechanism for the b-SPB and not the m-SPB, the prediction would be that the distribution of Kip2 intensities is length-dependent on m-SPB-emanating microtubules. Is that true?

10.7554/eLife.48627.028

Author response

> Essential revisions:
>
> 1\) One of the authors\' main conclusions from their modeling is that Kip2 starts its runs from the b-SPB and ends them at the microtubule plus end. However, this is really difficult to visualize in the experimental kymograph shown in Figure 3A (right) and Figure 2---figure supplement 1A (middle). Specifically, in Figure 3A, some runs appear to be truncated halfway (e.g. 5th arrowhead from the left in the experimental kymograph). Some speckles appear to start in the microtubule lattice, not from SPB, although it is difficult to interpret from the blurry kymograph. Additionally, the synthetic kymograph does not closely resemble the experimental kymograph, as stated by the authors in the first paragraph of the subsection "Kip2 runs start from SPBs". Thus, the claim \"the initiation of Kip2 runs is restricted to the minus-ends\" is weak. Clearer kymographs or additional experimental evidence is necessary to support this claim. Intensity line scans at different time points could help to more clearly distinguish individual motor runs in space and time.

The point of the reviewers is well taken. Indeed, kymographs are noisy and are therefore not easy to interpret. This may give the feeling that some traces start or stop abruptly. However, we provide the videos on which these kymographs are based. They help well interpreting the kymographs and see that the trains are indeed continuous, even if the pointed track seems jumpy. Altogether, the overall appearance of the Kip2 kymographs remains quite distinctive, particularly when comparing typical Kip2-3sfGFP kymographs (Figure 3A and Figure 2---figure supplement 1A) to those obtained with Kip2-S63A-3sfGFP and Kip3-3sfGFP (Figure 2---figure supplement 1A). Whereas in the last ones the signal is very low near the SPB and increases progressively towards the microtubule plus end (not considering the strictly plus-end signal itself), in all Kip2-3sfGP kymographs the signal is overall fairly uniform along microtubules. Thus, we find them still quite telling. We have clarified what can be obtained from them in the text.

Due to technical limitations of in vivo imaging (movement of the microtubule in space, signal to noise ratio...), we are not in a position yet to produce much clearer kymographs at this time. However, we thank the reviewers for their suggestion of using line scans. It indeed helps a lot visualizing the process. We have now added the frames of a video and the corresponding line scan, which nicely illustrate the motion of a Kip2 train from the minus to the plus end of a microtubule (Figure 3B). We also provide representative video recordings of Kip2-3xsfGFP, with which one can follow the moving speckles regardless of the pivoting of microtubules. In these videos, one can clearly see that the speckles start from SPBs and end at microtubule plus ends.

We agree with the reviewer that the synthetic kymograph is not very demonstrative and might be misleading since the model is computed on a static microtubule. Therefore, we have removed it from the figure.

> 2\) Related to the first point, additional information should also be added to the Materials and methods describing how runs were determined. If multiple people analyzed this data, did they come to the same conclusions about what to consider a run? Was this data blinded in some way to account for potential bias in the analysis? Automated detection of runs would ease concerns that runs are being mis-assigned.

We determined the runs manually by closely following moving speckles with the video recordings. When a speckle was observed, we followed the speckle in the video backward frame by frame to determine where it originated. This analysis was systematically performed by Xiuzhen Chen according to the following scenario: While she evaluated all usable videos, a fraction of them was also given to an undergraduate student, who evaluated those independently. Finally, a graduate student in the lab spent some time counterchecking randomly-picked videos. No significant discrepancies were observed between these independent analyses. To quantify the speeds of these speckles, we generated kymographs that did not necessarily capture the whole journey of each speckle from the start to dissociation. The numbers obtained between different such kymographs were consistent with each other. We now explain this in the Materials and methods section in more detail.

> 3\) Mutating G374 in Kip2 is a nice second independent test for whether Kip2 starts its runs from the microtubule minus-ends (subsection "Kip2 runs start from SPBs", first paragraph). However, if Kip2 is indeed different from Kip3 with regard to where it initiates runs, then mutating the corresponding residue in Kip3 (G343 based on the alignment in Figure 3---figure supplement 1) would be a good control to perform. The mutated Kip3-G343 would be predicted to decorate along the microtubule length and not accumulate at the b-SPB like Kip2. This would strengthen the argument that loading at SPBs and initiating runs at the minus end is a Kip2-specific phenomenon.

We thank the reviewers for suggesting to use an ATPase deficient mutant of Kip3 as a control. We generated Kip3-G343A-3xsfGFP according to the alignment in Figure 3---figure supplement 1. As shown in [Author response image 1](#respfig1){ref-type="fig"}, Kip3-G343A-3xsfGFP expressed from the endogenous locus did not bind to any specific structure in the cytoplasm; however, faint GFP fluorescence associated with nuclear microtubules (top panel). Next, we generated Kip3-E345A-3xsfGFP whose lack of microtubule stimulated ATPase activity has been experimentally validated (Arellano-Santoyo et al., 2017). Kip3-E345A-3xsfGFP did not associate with any specific structure at all (middle panel). We speculate that perturbing the switch-2 motif of Kip3 greatly reduces its affinity to microtubules. This was evident when we expressed Kip2-mCherry as the cytoplasmic microtubule marker in Kip3-E345A-3xsfGFP/Kip3 diploid cells. No visible Kip3-E345A-3xsfGFP/Kip3-E345A-3xsfGFP or Kip3-E345A-3xsfGFP/Kip3 dimers associated with cytoplasmic microtubules. Furthermore, very little ATPase deficient Kip3 molecules associated with nuclear microtubules (bottom panel).

Since the ATPase deficient mutants of Kip3 cannot serve as a control, we decided to not include these results in the revised manuscript.

![](elife-48627-resp-fig1){#respfig1}

> 4\) In Figure 5B, the authors show that bfa1 and bub2 deletions lowered the levels of Kip2-G374A on the b-SPB by nearly 50%, while the signal on the m-SPB was unchanged. Similarly, in Figure 5F, the levels of Kip2 on b-microtubules lowered to nearly m-microtubules levels, while the signals on the m-microtubules remained unchanged compared to wild type. These decreases might indicate that there is actually less total Kip2 in bfa1 and bub2 null cells. The authors should determine the expression levels of Kip2 by western blot to exclude the possibility that the decreases are not due to a reduction in Kip2\'s expression or protein stability.

We performed Western blot analyses of Kip2-3xsfGFP in control cells as well as in *bfa1Δ, bub2Δ, bfa1Δ bub2Δ* cells. No change in Kip2-3xsfGFP protein abundance was observed. This result is now presented in Figure 2---figure supplement 3E.

This result is also consistent with the median protein concentration estimates given by the model, which do not show any substantial difference between wt and *bfa1Δ bub2Δ* cells (Figure 2---figure supplement 3A).

> 5\) In a related point, following the analysis of Kip2-S63A-G374A in Figure 6C, D, E, the authors conclude that both SPBs recruited more of the hypo-phosphorylated, ATPase deficient protein and that the distribution was still asymmetric in cells with correctly oriented SPBs. However, based on Figure 6D, it seems that the enhancement in both SPBs indicates that the total amount of Kip2 in the cell might have increased significantly because of the S63A mutation. The authors should compare the levels of Kip2-S63A-G374A to Kip2-G374A to exclude the possibility that dephosphorylation of Kip2\'s N-terminus enhances the stability of the protein, thereby giving the observed effects.

We performed Western blot analyses of Kip2-G374A-3xsfGFP and Kip2-S63A-G374A-3xsfGFP. No change of Kip2 protein abundance was observed. This result is now presented in Figure 2---figure supplement 3E.

In addition, the median protein concentration estimates given by the model do not show any substantial difference between wt and Kip2-S63A cells (Figure 2---figure supplement 3A).

> 6\) The authors\' main conclusions concern Kip2\'s distribution profile in metaphase. However, they selected spindles for analysis and decided which spindles were in metaphase based on the shape of cells and the size of spindles (subsection "Image and data analysis", first paragraph). The standard in the field for examining cells in metaphase is to perform cdc20 depletion (such as Khmelinskii et al., 2009). Given that metaphase is not strictly defined by the length of the spindle, it would be more appropriate to refer to preanaphase instead of metaphase.

This is a good point. We have now changed our wording accordingly.

> 7\) Kip2 hypo-phosphorylation caused an increase in the levels of Kip2 on the plus ends of both b- and m-microtubules compared to wild type, based on Figure 6J versus Figure 4E, but the levels of dynein to the b-microtubules, a cargo of Kip2, did not appear to increase based on the images shown in Figure 7C (comparing the dynein dots in KIP2 vs. KIP2-S63A images). On the other hand, in Figure 7D, the authors report that dynein distribution at the tip of b- and m-microtubules was randomized when Kip2 phosphorylation is prevented (i.e. in KIP2-S63A mutant cells). Please clarify how randomization occurred when there is no apparent change in dynein intensity?

We suggest that the total amount of dynein being limiting explains these observations. As shown in Figure 7C, the levels of Dyn1-mNeonGreen do not appear to increase on the b-microtubules in Kip2-S63A cells. Based on our data, the randomization in Kip2-S63A cells is achieved through redistribution of dynein between b- and m-microtubules. Pairwise analysis of the Dyn1-mNeonGreen intensity between b- and m- microtubules in wt and Kip2-S63A cells is shown in Figure 7---figure supplement 2. For cells nucleating both b- and m-microtubules, increasing the levels of Kip2 on both microtubules (i.e., in Kip2-S63A cells) leads to a strong redistribution of dynein from b- to m-microtubules. In the graph, mean ± s.d. of the normalized intensities are shown in red. We have now added Figure 7---figure supplement 2 and added a sentence in the main text to state our finding.

> 8\) Related to the modeling.
>
> \- The presented model addresses binding, unbinding and stepping rates of the kinesin. However, it does not consider dynamic microtubules (e.g. compare left vs. right kymographs in Figure 3A, where the plus end clearly grows in the experimental condition, but not in the model). Addition of plus end dynamics and showing that the regulation of Kip2 loading at the minus ends affects it would make the model predictions much stronger. For instance, how would the model predict observations presented in Figure 4?

We agree with the reviewers that a more comprehensive model incorporating microtubule dynamics would allow addressing very directly how the flux of Kip2 coming from the minus end affects microtubule dynamics at the plus end. However, it would not address in a more substantial manner the first and main point of the manuscript, which is the fact that Kip2 starts its runs nearly exclusively from the minus end of the microtubule. For this purpose, our original model has two main advantages:

A\) Constructing the model using a fixed (but arbitrary) length allowed us to make analytical predictions about the parameter values that would allow for a flat Kip2 distribution profile, without resorting to numerical simulation. These predictions were instrumental in guiding the design of our experiments.

B\) Kip2 moves towards microtubule plus ends substantially faster than microtubules grow at the plus ends (approximately by a factor of 4 in our data, Figure 2---figure supplement 1B, D, consistent with approximately a factor of 4 in the in vitro data of Hibbel et al., 2015) -- thus we did not expect to see a major difference if microtubule growth is included as a parameter in the model. Our original model is therefore a good compromise, which is supported by the extended model analysis below.

However, the comment of the reviewers made us realize that growing microtubules could affect the accumulation of Kip2 at the microtubule plus end. To investigate this possibility, we prescribed microtubule growth in a novel version of the model at the in vivomeasured growth rates. While microtubule growth does not change the lattice and peak intensity of the predicted mean Kip2 distribution profile substantially, it does result in a wider Kip2 peak at the microtubule end (see Figure 2---figure supplement 2: panel A corresponds to the analysis as performed, panel B is a control with the growing model and extremely slow growth, similar to no growth, and panel c shows the simulation results with growth at in vivo microtubule growth speeds). This would lead to a better fit in Figure 2B, since the left "shoulder" of the Kip2 signal at the plus end is specifically one area where the original model shows mismatches with the experimental data. From this data, we conclude that a model that incorporates the measured microtubule dynamics will not change the model predictions qualitatively in such a way that it affects the findings on the remote-control mechanism. We have now added Figure 2---figure supplement 2, as well as a short statement on the findings to the main text. In addition, we provide the code to run such a model in the updated version of our GitLab repository for the paper, so that other researchers interested in these tip effects can re-use our analysis.

For what concerns modeling of the effect of Kip2 flux on microtubule dynamics, this is a completely different undertaking that is out of reach for now. Such an extended model would require dose-response-type data on instantaneous microtubule growth rates given the Kip2 intensity at the microtubule plus tip, which would require dynamic data reporting concomitantly on microtubule dynamics and Kip2 levels. For a number of reasons, we do not have these data available at this point. The intractability of in vivo kymographs due to the movement of microtubules in vivo, as discussed in our answer to point 1, is one of the issues that we have not routinely solved yet. While we agree with the reviewers that such a model would be very desirable, the required effort for its development is beyond the scope of the current study (and would not contribute to supporting this study's key findings in our view).

> \- The total intensity at the tip corresponds to a defined accumulation of motors at the end. How many are there? (The number of occupied sites should be set by the ratio of minus-end loading and plus-end off rate; and can thus also be directly predicted from the model parameters.)

This depends on the definition of "tip". If we define the tip as the terminal site of each protofilament, it is bound on average 76% of the time at the median parameter values we report in Figure 2C, D, E, corresponding to 10 molecules of Kip2 (assuming 13 protofilaments). Another approach would be to define the tip as the high-intensity area at the plus end, corresponding to approximately the last 500 nm of the microtubule (Figure 1B). According to this definition, at the median parameter values we report in Figure 2C, D, E, approximately 390 molecules of Kip2 are present at the tip. We have added the code to compute these values to the GitLab repository that accompanies the manuscript.

> 9\) Points to discuss:
>
> \- Is it possible to exclude direct end-targeting of Kip2 (e.g. through Bim1 binding or another mechanism)? In principle, such a model would also produce a non-microtubule-length dependent Kip2 profile, here the r~on~ would be the on rate of direct binding to the tip.

Microtubule associated proteins like Bim1 and Bik1 are enriched at the plus-ends of cytoplasmic microtubules. Both Bim1 and Bik1 have affinity to Kip2. Yet, Kip2 is not directly targeted to microtubule plus ends. As shown in Figure 3C, the ATPase-deficient mutant protein Kip2-G374A-3xsfGFP is not present along microtubule shafts or at microtubule plus ends. This is explained in detail in the second paragraph of the subsection "Kip2 runs start from SPBs". This is also the reason why no plus-tip-specific binding rate (*r~on~+*) was included in the model. We have added a sentence to make this point in corresponding part of the Results section.

> \- If enhanced loading to the SPB is a specific mechanism for the b-SPB and not the m-SPB, the prediction would be that the distribution of Kip2 intensities is length-dependent on m-SPB-emanating microtubules. Is that true?

Our model would predict that the shape of the Kip2 profile (plateau along the microtubule shafts and microtubule length-independent Kip2 intensity at the plus end) would be similar for microtubules emanating from the m-SPB and the b-SPB, as long a Kip2 recruitment is confined to the SPB. The data in Figure 5---figure supplement 1B are consistent with this prediction (cf. also Figure 5---figure supplement 1B for the Kip2-S63A mutant with lattice loading and length-dependence for both SPB microtubules). For the differentiation between m-SPB and b-SPB, the flux coming from the m-SPBs is not turned off, it is simply much lower than that coming from b-SPBs, leading to similar profile shapes but lower overall intensities of Kip2 for m-SPBs (see Figure 5---figure supplement 1B).

[^1]: These authors contributed equally to this work.
